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Abstract  
Graphene soon attracts extensive attention due to their unique two-
dimensional structure and exceptional mechanical performance with 
Young’s modulus reaching 1 TPa and tensile strength being 130 GPa. 
Functionally graded material (FGM) is a kind of essential material in 
engineering as it can be purposely designed to satisfy various performance 
requirement and cater for different working environments. Present research 
aims to incorporate the advantage of graphene and its derivatives into 
FGMs, producing functionally graded graphene reinforced 
nanocomposites. Both numerical simulation and experiments are 
employed. Numerical simulation is first conducted to give an overall idea 
on the role of GPLs played inside the functionally graded graphene 
reinforced nanocomposites. Experiments are conducted later to realize the 
optimized graded structure, obtain reliable testing results, and verify the 
superior of the graded structures.  
To fabricate functionally graded polymer-based nanocomposites, it is not 
only to realize the graded structure, but also need to ensure the 
homogeneous dispersion of nanofillers and prevent their natural 
aggregation. Due to lack of reliable and widely suitable processing 
techniques, limited experimental attempts have been reported on 
functionally graded nanocomposites with pristine liquid phase matrix, like 
epoxy. In the current thesis, a new constructive technique is proposed and 
developed to fabricate functionally graded nanocomposites with pristine 
liquid phase matrixes. 
This main body of this thesis is composed of three parts.  
 2 
 
In the first part (Chapter 1 and 2), the research background, the preliminary 
motivation of this research and a concise literature review on isotropic and 
functionally graded nanomaterials are included to identify the research gap. 
In the second part (Chapter 3 and 4), a numerical study on the effect of 
graphene nanoplatelets (GPLs) on the static and dynamic behaviours of 
functionally graded nanocomposites are systematically conducted. A 
comprehensive parameter study is conducted to give an overall idea on how 
the GPL concentration, geometry, distribution, plate geometry and 
boundary conditions affect the mechanical performance of functionally 
graded graphene reinforced trapezoidal plates. In the third part (Chapter 5), 
an experimental study is conducted to figure out a technique realizing the 
layer-wised functionally graded GPLs/Epoxy nanocomposites and then 
obtain reliable test results, hence verifying the priority of the functionally 
graded distribution of GPLs.  
In summary, this thesis presents a systematically investigation on the 
influence of GPLs on the static and dynamic performance of functionally 
graded graphene reinforced materials. Experiments are followed to verify 
the advantage of the optimized GPLs graded structures. This thesis 
contributes to the following outcomes:   
a) Layer-wise structure can be accurate enough to simulate the 
continuously graded nanomaterials.  
b) Nanocomposite plates with higher GPL loading, smaller base angle 
possesses better mechanical performance. Dispersing larger sized GPLs 
with fewer graphene layers near the top and bottom surfaces of the plate is 
the most effective way to improve the structural stiffness. However, the 
reinforcing effect becomes limited when GPL length-to-thickness ratio is 
bigger than 1000. 
 3 
 
c) Two-step route exhibits a clear advantage on the mechanical 
performance of isotropic nanocomposites than single-step route and 
solution mixing route. A novel functional graded nanocomposite 
fabrication route is developed. The fabricated functionally graded 
GPL/Epoxy nanocomposites demonstrate significantly improved 
mechanical properties compared to their counterparts with GPLs randomly 
and uniformly dispersed.  
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Chapter 1  
Introduction  
1.1 Motivation  
Composites have been widely used in engineering industry due to their 
outstanding features, like light weight, high strength, design flexibility, 
corrosion resistance and design flexibility etc. Reportedly, 50% of Boeing 
787 Dreamliner’s structure consists of composites while 53% of the 
material used on Airbus A380 is composites (MAURICIEN, 2013). The 
demand for composites continues to increase as companies, such as Boeing, 
Airbus, BMW, Volkswagen, etc. are positively managing to enhance the 
utilization of composites on their products. However, currently reliability 
and stability of composites are still a critical concern. To enhance the 
stability and mechanical performance of composites, researchers and 
manufacturers widely use one-time moulding technique incorporating 
RTM, VARTM technique to make solid and thin-wall composite 
components. When used as structural components, solid composites’ 
internal cracks and failure are hard to be detected in time and exactly. 
Besides, partial commonly used thin-wall composites’ bending and shear 
strength are not able to fulfil the practical requirements. All these restrict 
the further applications of composites in some critical structures on aircraft 
and also automobiles 
Contrasted to reinforcements, matrixes, such as epoxy, UP, PMMA, Nylon 
6, PU, PE etc. are more and more becoming the weakest components inside 
composites as their mechanical properties are much lower than 
reinforcements and they become the component where internal cracks or 
defects normally occur. Therefore, improving the performance of the 
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matrix will significantly favour the stability and promote the utilization of 
composites.  
Nanocomposites possess significantly improved mechanical and physical 
properties by making use of the extraordinary properties of the nanoscale 
fillers while keeping the beneficial attributes of polymers such as large 
deformation, stretchability, sustainability and good chemical and 
biological compatibility (Das & Prusty, 2013; Hu, Kulkarni, Choi, & 
Tsukruk, 2014; Moniruzzaman & Winey, 2006; Usuki et al., 1993). 
Nanocomposites are able to achieve desired mechanical, thermal and 
electrical properties with typically 0.01 - 6 wt% of the filler loading while 
conventional composites usually require a higher loading of fillers (10 - 50 
wt%) (Patel & Mahajan, 2014). Especially, incorporating graphene and its 
derivatives into the polymer is an emerging research topic since the 
discovery of graphene in 2004 (Dhand, Rhee, Ju Kim, & Ho Jung, 2013; 
Novoselov et al., 2004). Incorporating with matrix, graphene and its 
derivatives can significantly enhance the mechanical and chemical 
performance of matrix at extremely tiny loading (Anwar, Kausar, Rafique, 
& Muhammad, 2016; Das & Prusty, 2013; S. Stankovich et al., 2006; Y. 
Wang et al., 2015). Reportedly, with 0.3 wt% of graphene, the tensile 
strength of nanocomposites increases from 57.2MPa to 64.4MPa and the 
storage modulus increased from 1.66 GPa to 2.16 GPa (J. C. Wei, Atif, Vo, 
& Inam, 2015). Besides, nanocomposites can get 2.4-fold improvement on 
fracture energy at 0.04 wt% of graphene loading (Park et al., 2015). 
Undeniably, choosing fillers to enhance composites’ performance should 
consider not only their outstanding properties but also their accessibility. 
While the mass yield of graphene continues to be a critical issue, graphene 
nanoplatelets (GPLs) are relative easily obtained just by exfoliating 
graphite, an inexpensive and accessible material in large quantity. Epoxy 
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is one of the most commonly utilized thermoset matrix for composites in 
aerospace and automotive etc. (Inam, 2014; Yue, Pircheraghi, Monemian, 
& Manas-Zloczower, 2014). Therefore, in this research GPL and epoxy are 
chosen to be incorporated to fabricate nanocomposites. 
Incorporating GPLs with epoxy is an emerging topic in scientific research 
(Dhand et al., 2013). So far, various preparation approaches for 
nanocomposites, like in situ polymerization (Koo, 2006; Nazarpour & 
Waite, 2016; Ye, Meng, Ji, Li, & Tang, 2009), Solvent mixing (A. 
Ciesielski & Samori, 2014; Nazarpour & Waite, 2016), melt mixing (Koo, 
2006; W. P. Wang & Pan, 2004), have been studied. However, most of 
these researches focus on the improvement of GPL’s reinforcement 
effectiveness (Hu et al., 2014; Y. Liu, Wu, & Chen, 2016; Park et al., 2015), 
whether through enhancing interfacial interactions, like functionalization 
(Fang, Wang, Lu, Yang, & Nutt, 2009; Marques et al., 2011), or 
homogeneous dispersion of GPLs (Z. Wang et al., 2011; Wu, Rook, & 
Drzal, 2013), like pre-dispersion.  Ramanathan et al. developed a kind of 
functionalized sheets for nanocomposites (Ramanathan et al., 2008). K. P. 
Pramoda et al. created a new route to covalently bond polymer and 
graphene (K. P. Pramoda, H. Hussain, H. M. Koh, H. R. Tan, & C. B. He, 
2010). Huang et al. used solid-state ball milling to enhance dispersion, 
adhesion and reduce GNP size (Wu et al., 2013).  However, almost all the 
specimens are, relatively speaking, still homogeneous material. Although 
Kesong Hu et al. reviewed graphene-polymer nanocomposites for 
structural and functional applications (Hu et al., 2014), the nanomaterials 
mentioned are still with homogeneously dispersed nanoscale fillers and 
there is limited information related to purposive structure design of 
nanocomposites.  
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Functionally graded materials (FGMs), a new class of advanced material 
with purposely designed structure, have been widely used in aerospace, 
defence, energy (Jackson, Liu, Patrikalakis, Sachs, & Cima, 1999; 
Mahamood, Akinlabi, Shukla, & Pityana, 2012; Miyamoto, Kaysser, Rabin, 
Kawasaki, & Ford, 2013; Yaotian, 2000). FGMs are characterized by 
continuous variations in both material composition and mechanical 
properties in one or more dimension(s) in which way they could eliminate 
the sharp interfaces existing in composite materials where failure is 
initiated (Erdogan, 1995; Jha, Kant, & Singh, 2013; Shanmugavel, Bhaskar, 
Chandrasekaran, Mani, & Srinivasan, 2012; Shen, 2016; S. S. Wang, 1983). 
Functionally graded material (FGM) exhibits significant advantage on 
mechanical properties and can be tailored to cater for various working 
environments and simultaneously meet different performance 
requirements (Jackson et al., 1999; Ravichandran, 1995; Reimanis, 2004). 
Therefore, graphene reinforced functionally graded nanocomposites is a 
promising way to harness the advantage of FGM to GPL-based 
nanocomposites.  
To fabricate functionally graded nanocomposites, it is not only to realize 
the graded structure, but also need to ensure the homogeneous dispersion 
of nanofillers and prevent their natural aggregation. Specifically, regarding 
functionally graded nanocomposites with pristine liquid phase matrix, like 
epoxy, limited experimental attempts have been reported due to lack of 
reliable and widely suitable processing techniques. Wang et al. (Y. Wang, 
Q. Q. Ni, Y. F. Zhu, & T. Natsuki, 2014) utilized aminosilane modified 
MWCNTs and silanized nano-TiO2 to make MWCNTs and nano-TiO2 
based, respectively, functionally graded epoxy nanocomposites by 
centrifuging the epoxy mixtures during their curing process. However, due 
to the working principle of centrifugation, specimens were limited to a 
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cylindrical shape and only one typical gradient pattern can be obtained. 
Nardi, Rtimi, Pulgarin, & Leterrier (2015) fabricated functionally grade 
epoxy nanocomposites shell whose nanoparticles were mainly located in 
the shell surface by placing the suspension of TiO2 coated Fe3O4 
nanoparticles in the magnetic field. But this process cannot be applied to 
all nanoparticles account for the fundamental premise that nanofillers must 
be magnetically manipulated. 
Account for all above research gaps, for the relatively novel graphene-
based functionally graded nanocomposites, there are limited theoretical 
studies to give an overall view of the role of GPLs played in the 
functionally graded structure, especially on trapezoidal plates, and no 
widely applicable fabrication technique can be used to realized 
functionally graded epoxy nanocomposites. Therefore, this thesis aims to 
conduct a mechanical study on how GPL geometry, concentration and 
distribution affect the intrinsic properties of functionally graded 
GPL/epoxy nanocomposites and theoretically show how to utilize their 
unique material properties to design and fabricate functionally graded 
nanocomposites to match a specific application. This research will also 
give guidance on how to effectively utilize GPLs to design lighter, stronger 
and more stable material, finally reveal the most efficient GPL graded 
structure. And then, most importantly, a novel constructive fabrication 
technique is proposed and developed to experimentally realize functionally 
graded GPL/epoxy nanocomposites with optimized GPL graded structure.  
1.2 Objectives  
To reduce the experimental workload, a theoretical study is first conducted 
to find out the influence of GPLs on the mechanical performance of 
functionally graded GPL/epoxy nanocomposites and find out an optimized 
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GPL graded structure. It should be noted that initially the valid material 
properties are predicted by existing mathematic model chosen from the 
literature. In particular, this research mainly focusses on two aspects: 
• Mechanical performance of functionally graded (FG) GPL/epoxy 
nanocomposites 
Vibration and static bending behaviours of trapezoidal FG nanocomposites 
with various graded structures, under both mechanical and thermal loading 
with various boundary conditions, are studied by FEM simulation using 
ABAQUS. To simplify the model, each layer is treated as a homogeneous 
one. Initially, effective material properties calculated by modified Halpin–
Tsai model are used in the simulation models, while later some are obtained 
from experiments. Different plate structures with various dimension and 
shape are considered in the simulation. A detailed study will be conducted 
on how GPL geometry, concentration and distribution influence the 
mechanical performance of FG nanocomposites. Simulation results then 
are compared with traditional nanocomposites as well as pure epoxy to get 
a clear understanding of the advantage and disadvantage of FG 
nanocomposites.  
• Fabrication of stacked functionally graded (FG) GPL/Epoxy 
nanocomposites  
Sonication assisted GPL exfoliating technique, together with mechanical 
stirring, are employed to disperse GPL into epoxy. Two techniques are 
employed and compared. In the first method, GPLs are dispersed into 
acetone assisted by sonication and then mixed with epoxy. Acetone is 
removed before hardener is added. GPLs, in the second method, are 
directly mixed with epoxy and then the mixtures are sonicated by a high 
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energy probe ultra-sonicator while stirred by a magnetic stirring device. 
Hardener is added into the mixture after the sonication.  
Then a novel constructive fabrication technique is proposed and developed 
to fabricate the layer-wise functionally graded GPL/Epoxy 
nanocomposites. GPL concentration in each layer is purposely designed to 
match various GPL distributions. Manufacturing parameters, such as 
duration of sonication, are investigated and compared to find out the proper 
setting to facilitate the manufacturing process. Mechanical tests will be 
conducted to obtain Young’s Modulus, tensile strength, bending stiffness 
and strength of FG nanocomposites.   
1.3 Thesis outline  
The thesis utilizes, synthetically, numerical simulation and experiments to 
study the mechanical properties of functionally graded GPL/epoxy 
nanocomposites systematically. Numerical simulations give an overall 
idea of the effect of GPLs on the performance of functionally graded 
GPL/epoxy nanocomposites, herein reducing the experiment workload. 
Experiments are conducted afterwards to obtain more reliable material 
properties and investigate the mechanical behaviours of FG 
nanocomposites.    
Chapter 1 gives a brief introduction of the whole thesis, including the 
research background and preliminary motivation of this research, the 
expected research results as well as an outline of this thesis.  
Chapter 2 includes a concise literature review on graphene, graphene 
nanocomposites and functionally graded nanocomposites. A brief 
introduction on graphene, including its composition and unique properties, 
are first conducted. Parts of the available and commonly employed 
techniques to fabricate graphene-based nanocomposites are reviewed 
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following by the benefits and advantages of incorporating graphene into 
nanocomposites. Also, a brief review of the functionally graded materials, 
especially the functionally graded graphene reinforced nanocomposites, is 
conducted. Available techniques to fabricated functionally graded material 
and recent research revealing the advantage of functionally graded 
graphene nanocomposites are systematically summarized. Last, parts of the 
available characteristic techniques utilized on nanocomposites are briefly 
introduced as well. 
In chapter 3, the dynamic behaviours, free and forced vibration behaviours, 
of functionally graded nanocomposites are systematically investigated by 
finite element method. Trapezoidal plates are chosen as the basic plates 
accounting for their wide application in industry and complex geometries. 
Layer-wised structure is theoretically verified to see their accuracy when 
used to simulate continuously graded nanocomposites. A comprehensive 
parameter study is conducted to give an overall idea on how the GPL 
concentration, geometry, distribution, plate geometry and boundary 
conditions affect the dynamic performance of functionally graded 
graphene reinforced trapezoidal plates.  
The static behaviours, linear and nonlinear bending behaviours of 
functionally graded graphene reinforced nanocomposites are 
systematically discussed in chapter 4. Mechanical loading and thermal 
loading are both considered. Parameters, like GPL concentration, geometry, 
distribution and plate geometry, are examined to show their influence on 
the static performance of functionally graded graphene reinforced 
trapezoidal nanocomposite plates. 
An experimental study on the functionally graded graphene reinforced 
nanocomposite is conducted in chapter 5. First, to find out the proper 
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technique to ensure the good dispersion of graphene nanoplatelets into 
epoxy, three technical routes are examined and compared. Then, as lack of 
available and widely applicable fabrication technique, a novel technique is 
proposed and developed to make functionally graded graphene reinforced 
nanocomposites. As theoretically verified in chapter 3 and 4, the layer-
wised structure is employed. Specimens are designed to be six layers while 
each layer incorporating different concentration of GPLs. The tensile and 
flexural properties of functionally graded GPL and epoxy nanocomposites 
are tested on an intron universal strength tester based on ASTM standards. 
Numerical simulation is conducted to compare the results with the 
experimental one. Various characteristic methods are employed to see the 
GPL dispersion and fracture surface of specimens.  
Chapter 6 gives a summary of this thesis, concluding all the results 
obtained from the above chapters.    
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Chapter 2  
Literature review  
2.1 Graphene and graphene nanoplatelet (GPL) 
Graphene is a two-dimensional nanomaterial consisted of carbon atoms 
(Geim & Novoselov, 2007). The unique structure, referred as two-
dimensional honeycomb lattices as shown in Figure 2.1, endows graphene 
exceptional mechanical, thermal and electrical properties (Das & Prusty, 
2013; H. Kim, Abdala, & Macosko, 2010; Potts, Dreyer, Bielawski, & 
Ruoff, 2011; S. Stankovich et al., 2006). Graphene is reportedly 
approximate 100 times stronger, tensile strength of 130 GPa and Young's 
modulus (stiffness) of 1 Tpa (Lee, Wei, Kysar, & Hone, 2008), than the 
strongest steel.  
 
Figure 2.1 A molecular model of single-layer graphene (Geim & 
Novoselov, 2007) 
Several techniques have been developed to prepare graphene. Mechanical 
exfoliation is the simplest way to obtain single-layer graphene, which 
basically employs tapes to repeatedly peal flakes from graphite (Novoselov 
et al., 2004). Graphene can also be prepared through liquid-phase 
exfoliation (Artur Ciesielski & Samorì, 2014; Dimiev, Ceriotti, Metzger, 
Kim, & Tour, 2016; Hernandez et al., 2008; Niu et al., 2016). In detail, as 
shown in Figure 2.2, graphite is first dispersed in certain solvents and then 
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will be exfoliated by sonication or high shear force to obtain single-layer 
graphene. Another technique to obtain graphene is the thermal and 
chemical reduction of graphene oxide (GO) (Papageorgiou, Kinloch, & 
Young, 2017; Potts et al., 2011). Detailedly, GO is treated by certain 
chemical reductants or undergoing thermal expansion and reduction to 
obtain single-layer graphene.    
  
Figure 2.2 Schematic representation of liquid-phase exfoliation process of 
graphite (Artur Ciesielski & Samorì, 2014) 
While graphene is more likely to be single-layer carbon atoms, graphene 
nanoplatelets are commonly referred as several-nanometre-thick 
multilayer stacks, 2-5 layers (Antunes, Gedler, Abbasi, & Velasco, 2016; 
Polschikov et al., 2013; F. Wang, Drzal, Qin, & Huang, 2015a). GPLs can 
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be treated as the precursor of graphene, as fully exfoliation of GPL will 
yield graphene. GPL is much thicker, around 10nm, resulting in a lower 
aspect ratio and specific surface area (S.-Y. Yang et al., 2011). GPLs are 
able to be mass yield through direct exfoliation, including both chemical 
and mechanical exfoliation, of graphite, promisingly providing sufficient 
supply to composites industry (Bermúdez; Geng, Wang, & Kim, 2009; 
Melezhyk, Galunin, & Memetov, 2015; Nagornykh, 2015). 
 2.2 Graphene based nanocomposites   
Graphene and its derivatives used as reinforcing nanofillers for composites 
have attracted extensive interests because of their outstanding mechanical 
and physical properties. Successful enhancement of nanocomposites’ 
mechanical and thermal properties essentially depends on incorporating 
and dispersing graphene homogenously into various matrix (Prolongo, 
Moriche, Jiménez-Suárez, Sánchez, & Ureña, 2014; L. C. Tang et al., 2013; 
F. Wang, Drzal, Qin, & Huang, 2015b; J. Wei, Rasheed, Vo, & Inam, 2015; 
Wu et al., 2013). However, graphene and GPLs are tending to aggregate 
because of strong van der Waals force and pi-stacking between platelets 
(X. Yang, Tu, Li, Shang, & Tao, 2010; X. Zhao, Q. H. Zhang, D. J. Chen, 
& P. Lu, 2010). Stankovich et al. reported that part of graphene dispersed 
in polymer was wrinkled and crumpled (S. Stankovich et al., 2006). As the 
reinforcement effectiveness of nanoscale fillers intimately correlates with 
their aspect ratio and surface-to-volume ratio (S. Stankovich et al., 2006), 
this phenomenon will be unfavourable for graphene to improve 
nanocomposites’ performance. 
Various techniques have been proposed to address these issues and attempt 
to fabricate graphene-based nanocomposites. Solution mixing is one of the 
commonly used techniques. Through this technique, graphene or graphene 
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suspension will be first dispersed into solvents and then blended into 
polymers with the assistance of mechanical stirring, high-speed shearing, 
ball mill or ultrasonication. A brief solution mixing technique is shown in 
Figure 2.3. In particular, solvent dispersion assisted with sonication is 
adopted to mix GPL and epoxy. GPL is first dispersed into acetone and 
then undergoing ultrasonication. Epoxy will be, then, added into this 
compound. After sufficiently stirring and degassing, hardener will be 
added to the mixture. Finally, the mixture is cast into moulds.  
 
Figure 2.3 A typical nanocomposites fabrication (Rafiee, Rafiee, Wang, et 
al., 2009) 
Notably, although mechanical stirring is one of the common and suitable 
approaches to disperse nanoparticles into polymers, as Yang et al. (W. Z. 
Yang, Widenkvist, Jansson, & Grennberg, 2011) report, it causes graphene 
to be aggregated, folded and scrolled which will negatively affect the 
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reinforcement effectiveness of nanoparticles. Sonication can utilize as an 
alternative technique to disperse nanoparticles as, reportedly, it can 
efficiently suppress the re-aggregation of graphene (He, Zhang, Li, & Jing, 
2012; S. Liu, Yan, Fang, Guo, & Wang, 2014; Yu & Wu, 2014). Normally, 
sonication is used to exfoliate graphene platelets in liquid environments (A. 
Ciesielski & Samori, 2014; Coleman, 2009; Lai, Zhu, Luo, Zou, & Huang, 
2012; Lotya et al., 2009) following by degassing to remove the solvent 
after mixed into matrix. But residual solvent disfavours the mechanical 
performance of nanocomposites (L. C. Tang et al., 2013; J. Wei et al., 
2015).  
To enhance the reinforcement efficiency of graphene, three issues, poor 
dispersion of graphene, graphene natural aggregation, the weak interface 
between graphene and polymer, should be addressed. Tang et al. (2013) 
investigated the influence of graphene dispersion on the performance of 
nanocomposites. Results showed besides ultrasonication, with one more 
step ball milling, nanocomposites possessed a better graphene dispersion 
with higher strength and fracture toughness. Wan et al. (2014) attempted 
to graft epoxy chains onto graphene to enhance the dispersion and 
exfoliation of graphene and increase the interface bonding between 
graphene and epoxy. Nanocomposites with higher tensile modulus and 
strength are obtained. Minoo et al. (2014) functionalized graphene through 
Bingel reaction, resulting in an improvement on graphene dispersion and 
interfacial bonding of graphene and epoxy resin. 22% improvement on 
flexural strength and 18% enhancement on storage modulus was found on 
nanocomposites with 0.1 wt% functionalized graphene. 
 2.3 Graphene reinforced functionally graded nanomaterials 
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Functionally graded materials (FGM) have been systematically studied and 
widely utilized in industry. These materials are purposefully designed and 
optimized to maximize the utility of each constituent material, which 
makes functionally graded structure become another promising 
candidature to further improve the reinforced efficiency of graphene. Yang 
and his co-workers (M. Song, Kitipornchai, & Yang, 2017; Zhao, Feng, 
Wang, & Yang, 2017) have theoretically verified that a stacked multilayer 
(layer-wise) structure was accuracy enough to realize functionally graded 
graphene-based nanocomposites in which the content of graphene, 
theoretically, should be continuously variable. They predicted that by 
distributing more graphene nanofillers nearby the outer surface, 
functionally graded graphene-based nanocomposites possessed better 
bending (Chuang Feng, Sritawat Kitipornchai, & Jie Yang, 2017; Zhao et 
al., 2017) and buckling (M. Song, Yang, Kitipornchai, & Zhu, 2017; Y. 
Wang, Feng, Zhao, & Yang, 2018) performance and vibration resistance 
(Chuang Feng, Sritawat Kitipornchai, et al., 2017; M. Song, Kitipornchai, 
et al., 2017). Shen and his co-workers calculated out that in thermal 
environment, the buckling (Shen, Xiang, Lin, & Hui, 2017) and 
vibration(Shen, Xiang, & Lin, 2017b) performance of graphene reinforced 
composites could be improved by the purposeful layer-wised distribution 
of graphene. Sahmani (Sahmani & Aghdam, 2017a) compared the 
nonlinear instability of functionally graded graphene-based nanoshells 
with different graphene distributions and concluded graphene distribution 
played an essential role in the mechanical behaviours of nanocomposites.       
Existing popular techniques to fabricate functionally graded materials 
(FGMs) can mainly be classified into two categories (Kieback, Neubrand, 
& Riedel, 2003; Mortensen & Suresh, 1995; M. Naebe & 
Shirvanimoghaddam, 2016), constructive processing and mass transport 
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processing, based on how the spatially inhomogeneous structure is realized. 
The essential principle of constructive processing is stepwise layering or 
depositing constituents spatially and constructing a predesigned graded 
structure. Powder stacking/metallurgy, directed energy deposition(Lewis 
& Schlienger, 2000), chemical vapor deposition/infiltration, spray forming, 
tape casting, slip casting and so on can all be sorted into this category. A 
functionally graded PZT/Pt piezoelectric actuator (Takagi, Li, Yokoyama, 
& Watanabe, 2003), as shown in Figure 2.4, was made through powder 
metallurgy by stacking powers layer by layer, pressing into graded green 
compact and then sintering. By employing directed energy deposition 
additive manufacturing processing, Carrol et al. (2016) melted and re-
solidified metal powder sequentially and built a 24-layer 304L stainless 
steel and Inconel 625 functionally graded materials displayed in Figure 2.5. 
Haseung Chung & Suman Das (Haseung Chung & Suman Das, 2006) 
utilized similar technique, melting Nylon-11 and glass beads mixture 
successively, to produce functionally graded Nylon-11 composites, 
diagramed in Figure 2.6. Khor & Gu (Khor & Gu, 2000) chose 
spheroidized pre-mixed ZrO2 and NiCoCrAlY powders as the feedstock 
and employed plasma spraying technique to fabricate five-layer 
Functionally graded ZrO2/NiCoCrAlY coatings.  
 
Figure 2.4 Optical microscopic photograph of the cross-section of a 
functionally graded PZT/Pt piezoelectric actuator (Takagi et al., 2003) 
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Figure 2.5 Schematic of a 24 layers gradient alloy specimen (Carroll et al., 
2016) 
 
Figure 2.6 Schematic description of a glass bead particulate-filled 
functionally graded Nylon-11 composites (H. Chung & S. Das, 2006) 
Mass transport processing (Mortensen & Suresh, 1995) relies on natural 
transportation phenomenon, such as the flow of liquid, the diffusion of 
atoms and the heat conduction, triggered by gravity, centrifugal force, 
electric or magnetic field, heating and so on.  By employing centrifugal 
casting, a typical and widely used mass transport technique as diagrammed 
in Figure 2.7, Watanabe, Kawamoto, & Matsuda (2002) manufactured 
functionally graded Al-Al3Ti and plaster/corundum cylindric composites 
and observed the fillers with larger average size were, in high proportion, 
located in the outer side of the cylinder specimens. Functionally graded 
epoxy/carbon fibre composites (Klingshirn, Koizumi, Haupert, Giertzsch, 
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& Friedrich, 2000) can also be fabricated through centrifugal casting by 
centrifuging the curing premixed epoxy and carbon fibre mixtures at 
suitable processing speed. Similarly, by imposing electric filed, instead of 
centrifugal force, during the curing process of liquid phase matrix, 
graphite/epoxy composites (G. Kim & Shkel, 2004) with locally tailored 
and graded structure, displayed in Figure 2.8, can be made through 
electrophoretic deposition, another mass transport technique.  
 
Figure 2.7 Flow diagram for the centrifugal solid-particle method 
(Watanabe et al., 2002) 
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Figure 2.8 (a) Graphite-epoxy composite in the field of planar electrodes; 
(b) enlarged area has a chain-like structure of the graphite (G. Kim & Shkel, 
2004) 
However, to fabricate functionally graded nanocomposites, it is not only to 
realize the graded structure, but also need to ensure the homogeneous 
dispersion of nanofillers and prevent their natural aggregation. As for 
solid-phase pristine matrix, i.e. metallic matrix, ceramic matrix, 
thermoplastic matrix and solid-phase thermosetting matrix, based 
functionally graded nanocomposites, they have been experimentally 
realized by employing traditional powder-based constructive processing. 
Estili & Kawasaki  (Estili & Kawasaki, 2008) employed sonication 
together with chemical treatment successfully producing alumina-
decorated multiwall carbon nanotubes (MWCNTs). Through spark plasma 
sintering, they consolidated predesigned multilayered alumina-decorated 
MWCNTs and pure alumina powder into carbon nanotube (CNT) based 
functionally graded ceramic materials. Kwon, Bradbury, & Leparoux 
(Kwon, Bradbury, & Leparoux, 2011) choose ball-milling to reduced the 
MWCNT aggregation while homogeneously mixing MWCNTs and 
aluminium (Al) powder. They consecutively layered MWCNTs and Al 
powder mixture which sequentially would be consolidated into bulk 
nanomaterials by hot-press through powder metallurgy. Following similar 
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process, premixed graphite and phenolic powder by ball-mill were stacked 
and hot pressed to make functionally graded graphite/phenolic 
nanocomposites (Bafekrpour et al., 2012). Similarly, assisted with ball-mill 
to mix CNTs and Al powder, functionally graded CNTs/ aluminium alloy 
nanomaterials (D. Kim et al., 2019) were successfully fabricated through 
powder extrusion process.  
Regarding to functionally graded nanocomposites with pristine liquid 
phase matrix, like epoxy, limited experimental attempts have been reported 
due to lack of reliable and widely suitable processing techniques. Yi Wang 
et al. (2014) utilized aminosilane modified MWCNTs and silanized nano-
TiO2, which were more easily dispersed and rarely aggregate than their 
pristine counterparts, to make MWCNTs and nano-TiO2 based, 
respectively, functionally graded epoxy nanocomposites by centrifuging 
the epoxy mixtures during their curing process. However, due to the 
working principle of centrifugation, specimens were limited to a 
cylindrical shape and only one typical gradient pattern could be obtained. 
Nardi et al. (2015) fabricated functionally graded epoxy nanocomposites 
shell whose nanoparticles were mainly located in the shell surface by 
placing the suspension of TiO2 coated Fe3O4 nanoparticles in a magnetic 
field. But this process cannot be applied to all nanoparticles account for the 
fundamental premise that nanofillers must be magnetically manipulated. 
2.4 Nanomaterial characterization 
Many characterization techniques (Kalaitzidou, Fukushima, & Drzal, 2007; 
Nazarpour & Waite, 2016; J. Wei et al., 2015; S.-Y. Yang et al., 2011; 
Zhou, 2013), like optical microscope, scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), and ultraviolet-visible 
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spectroscopy (UV-Vis), have been employed to characterize graphene and 
their dispersion in nanocomposites.  
2.4.1 Optical microscope  
Optical microscope is the most widely used microscope to magnify tiny 
objectives and make them visible. The advantage of utilizing an optical 
microscope to character graphene-based nanocomposites is graphene and 
polymer can be easily told apart just by the colour difference. As shown in 
Figure 2.9, graphene oxides particles, which are black spots, can be clearly 
observed on the figures taken by a transmission optical scope. From this 
figure overall dispersion stature of graphene oxide can be concluded as the 
size of the black spots can be measured and their spatial distribution can be 
analysed.  
 
Figure 2.9 Transmission optical microscope images of epoxy 
nanocomposites containing 0.10 wt% fillers: (a) GO, (b) silane-f-GO (Wan, 
Gong, Tang, Wu, & Jiang, 2014) 
2.4.2 Scanning electron microscopy (SEM) 
SEM is a traditional tool for seeing microspace and nanospace. The tiny 
region scanned will be magnified from 900x to 10000x, hence nanoscale 
fillers can be observed.   
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SEM has been widely employed to present nanofillers. SEM images of 
natural flake graphite, thermal reduced graphene and functionalized 
graphene are shown in Figure 2.10. The morphologies of these nanofillers 
can be clearly observed at this scale. From these images, the structure, 
dimension and aggregation statues of nanofillers can be precisely viewed, 
measured and summarized, respectively.  
   
Figure 2.10 Micrographs of SEM images of (d) Natural flake graphite, (e) 
Thermal reduced graphene and (f) Functionalized graphene (Minoo Naebe 
et al., 2014) 
SEM has been widely used to examine the fracture surface of 
nanocomposites, as well. Figure 2.11 exhibits a significant difference on 
the fracture surface morphologies of pure epoxy and epoxy with nanofillers. 
The fracture surface of pure epoxy seems to be smooth and featureless, 
which is categorised into brittle failure, possessing weak resistance to 
fracture initiation and propagation (L.-C. Tang et al., 2013).  Relative to 
pure epoxy, some wrinkled or riverlike morphologies are found on the 
epoxy with thermal reduced graphene which indicates a higher fracture 
toughness.    
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Figure 2.11 SEM images of compact tension fracture surfaces: (a) neat 
epoxy; (b), (c) and (e) poorly dispersed thermal reduced graphene 
oxide(RGO)/epoxy; (d) and (f) highly dispersed RGO/epoxy (L.-C. Tang 
et al., 2013) 
2.4.3 Transmission electron microscopy (TEM) 
The magnification of TEM is up to 1000000x and resolutions below 1nm 
are routinely observed. Therefore, TEM images provide more details than 
SEM images. TEM can be used to tell whether GPL is present as a single 
layer, exfoliated sheets or multi-layered platelets. TEM images are able to 
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tell how GPLs aggregate together, therefore, helping find a better way to 
disperse GPL efficiently. 
A typical TEM microscopy image of Graphene Nanoplatelets is shown in 
Figure 2.12. Clearly shown in this figure, thermal reduced graphene is 
more like a wrinkled sheet but still consisting of several individual 
graphene sheets, indicating this graphene nanoplatelets have not been fully 
exfoliated. 
 
Figure 2.12 Micrographs of TEM images of (a&c) Thermal reduced 
graphene and (b) functionalized graphene (Minoo Naebe et al., 2014) 
2.4.4 Ultraviolet-visible spectroscopy (UV-Vis) 
UV-Vis is commonly adopted to quantify the relative concentration of 
graphene and its derivatives in solvents by comparing the light 
transmittance of contrast samples. The less light can be transmitted, the 
more uniform dispersion and more individual GPL particles can be 
achieved. UV-Vis is able to give an overview of the GPL dispersion 
condition.  
Figure 2.13 compares the light transmission of graphene dispersion under 
different sonication time. UV-Vis is used to compare GPL dispersion both 
in epoxy and in hardener. Through comparing the light transmittance of 
these contrast specimens, the proper sonication time can be obtained and 
the optimized manufacturing process to achieve the best GPL dispersion in 
epoxy can be gotten.   
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Figure 2.13 Light transmittance of graphene dispersion against sonication 
time (J. C. Wei et al., 2015) 
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Chapter 3  
Free and forced vibration analysis of 
functionally graded trapezoidal 
nanocomposite plates reinforced with 
graphene nanoplatelets (GPLs) 
The main findings of this chapter have been published in: 
• Zhao, Z., Feng, C., Wang, Y., & Yang, J. (2017). Bending and 
vibration analysis of functionally graded trapezoidal nanocomposite 
plates reinforced with graphene nanoplatelets (GPLs). Composite 
Structures, 180, 799-808. 
• Zhao, Z., Feng, C., Kitipornchai S., & Yang, J.. Free vibration of 
functionally graded trapezoidal nanocomposite plates reinforced 
with graphene nanoplatelets, Advanced Composites Innovation 
Conference, Sanctuary Cove, Queensland, 28/03/2017 
The free vibration and forced vibration characteristics of a novel class of 
functionally graded multilayer trapezoidal nanocomposite plates 
reinforced with non-uniformly distributed graphene nanoplatelets (GPL) 
are investigated by employing the finite element method (FEM) in this 
chapter. The effective Young’s modulus of the nanocomposites is 
calculated by modified Halpin-Tsai micromechanics model including the 
effects of GPL geometry and size while Poisson’s ratio and mass density 
are determined by the rule of mixture. A comprehensive parametric study 
is conducted to study the influences of the distribution pattern, weight 
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fraction, geometry and size of GPL nanofillers as well as bottom angle of 
the trapezoidal plates on the dynamic behaviours of the plates.  
3.1 Introduction 
Since first developed for thermal barrier application in 1984, functionally 
graded materials (FGMs) have been widely used in aerospace, automotive, 
civil and mechanical engineering due to their excellent mechanical 
performance and resistance against crack and delamination(Udupa, Rao, & 
Gangadharan, 2014). Compared to traditional homogeneous composites, 
the material composition and properties of FGMs vary continuously along 
one or more dimensions, enabling composite structures more light-
weighted and cost-efficient. Recently, graphene and its derivatives used as 
reinforcing nanofillers for composites have attracted extensive interests 
because of their outstanding mechanical and physical properties(Das & 
Prusty, 2013; Galpaya et al., 2012; Kuilla et al., 2010; J. Wei et al., 2015). 
With a loading of 0.04 wt% graphene,  Park et al. (2015) observed that the 
fracture energy of epoxy nanocomposites was increased by 2.5 times 
compared to that of pristine epoxy. Zhao et al. (2010) fabricated 
graphene/PVA nanocomposites with tensile strength enhanced by 150% 
and 10-folds improvement in Young’s modulus by adding 1.8 vol.% fully 
exfoliated graphene. With the idea incorporating the advantages of 
graphene and its derivatives into FGMs, functionally graded graphene 
reinforced nanocomposites and structures are receiving considerable 
attention from researchers. For example, Yang et al. (2017) demonstrated 
that by adding 0.3 wt% of graphene platelets (GPLs) non-uniformly into 
epoxy, the buckling and post buckling resistance of a composite beam can 
be dramatically increased. Song et al. (2017) studied the effect of GPLs 
distribution patterns on the dynamic characters of a rectangular plate and 
found that functionally graded rectangular nanocomposite plates with more 
 31 
 
GPLs dispersed near the top and bottom surfaces of the plates possess the 
highest natural frequency compared to the plates with uniform distribution 
of GPLs. More work on functionally graded composite structures 
reinforced by GPLs can be found in (C. Feng, S. Kitipornchai, & J. Yang, 
2017; M. Song, Kitipornchai, et al., 2017; H. L. Wu, J. Yang, & S. 
Kitipornchai, 2017; B. Yang, Yang, & Kitipornchai, 2016; J. Yang, H. L. 
Wu, & S. Kitipornchai, 2017). 
Trapezoidal plates have been extensively applied in various fields, 
especially serving as aircraft wings and tails in aerospace engineering. 
Given the excellent and unique mechanical attributes, functionally graded 
graphene reinforced nanocomposite becomes one of the most promising 
material candidates for engineering structures. Since 1992, Liew et al. 
(Kitipornchai, Xiang, Liew, & Lim, 1994; Liew, 1992; Liew & Lam, 1991; 
Lim, Liew, & Kitipornchai, 1996) conducted a series of mathematical 
studies on the static and dynamic behaviour of isotropic and anisotropic 
trapezoidal plates by employing Rayleigh-Ritz method. Karami, Shahpari, 
& Malekzadeh (2003) employed differential quadrature method to analyse 
the static, free vibration and stability of trapezoidal laminated trapezoidal. 
Torabi & Afshari (2016) investigated the free vibration of cantilevered 
thick trapezoidal plates theoretically. Although works have been done 
trapezoidal plates, to the best of the authors’ knowledge there are no studies 
on the trapezoidal plates reinforced with functionally graded distribution 
of graphene and its derivatives. 
This chapter investigates the vibration behaviours of GPL reinforced 
trapezoidal nanocomposite plates by using finite element method (FEM). 
A parametric study will be conducted to highlight the effects of GPL 
distribution, weight fraction and dimension as well as the plate geometry. 
Figure 3.1 shows the schematic configuration of a trapezoidal plate in 
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which a and b refer to the bottom and top edge lengths while  and  denote 
the right and left bottom angles of the trapezoidal plate. The height and 
thickness of the trapezoidal plate are h and t, respectively.  
 
Figure 3.1 Schematic configuration of a trapezoidal plate 
3.2 Effective mechanical properties  
In the present study, the functionally graded GPLs reinforced trapezoidal 
plates consist of ten layers. GPLs are dispersed uniformly in each 
individual layer while the GPL concentration is changing from layer to 
layer along the thickness direction. Figure 3.2 illustrates three GPL 
distribution patterns. U-GPLRC corresponds to isotropic GPL reinforced 
nanocomposites where the same amount of GPLs are uniformly distributed 
in each layer. In O-GPLRC, the GPL concentration increases from the 
bottom and top surface to middle layers thus the two middle layers have 
the maximum GPL weight fraction. In contrast, the GPL weight fraction 
decreases from the top and bottom to the middle in X-GPLRC and the top 
and bottom layers possess the maximum GPL concentration. The GPL 
weight fraction of ith layer of O-GPLRC and X-GPLRC can be determined 
as 
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Figure 3.2 GPL distribution patterns 
 O-GPLRC: 𝑊𝑖 = ∫
2𝑊0(𝑡−|2𝑧−𝑡|)
𝑡(𝑧𝑖 −𝑧𝑖−1)
𝑧𝑖
𝑧𝑖−1
    i = 1, 2…10                   (3.1) 
 X-GPLRC: 𝑊𝑖 = ∫
2𝑊0|2𝑧−𝑡|
𝑡(𝑧𝑖 −𝑧𝑖−1)
𝑧𝑖
𝑧𝑖−1
          i = 1, 2…10                   (3.2) 
where W0 denotes the average GPL weight fraction and t is the thickness 
of the plate.  
Assuming the GPLs are randomly and uniformly dispersed across each 
nanocomposite layer, the effective Young’s modulus of the nanocomposite 
Ec for each layer can be approximated by modified Halpin-Tsai model, 
which has been experimentally verified by Raffie et al., as        
 𝐸𝑐 =
3
8
1+𝜉𝐿𝜂𝐿𝑉𝐺𝑃𝐿
1−𝜂𝐿𝑉𝐺𝑃𝐿
× 𝐸𝑚 +
5
8
1+𝜉𝑊𝜂𝑊𝑉𝐺𝑃𝐿
1−𝜂𝑊𝑉𝐺𝑃𝐿
× 𝐸𝑚                 (3.3) 
where 
         𝜂𝐿 =
(𝐸𝐺𝑃𝐿/𝐸𝑚)−1
(𝐸𝐺𝑃𝐿/𝐸𝑚)+𝜉𝐿
, 𝜂𝑊 =
(𝐸𝐺𝑃𝐿/𝐸𝑚)−1
(𝐸𝐺𝑃𝐿/𝐸𝑚)+𝜉𝑊
                        (3.4) 
EGPL and Em denote Young’s modulus of the GPL and the polymer matrix, 
respectively. The volume fraction of GPL VGPL in Eq. (3) can be calculated 
as 
 𝑉𝐺𝑃𝐿 =
𝑊𝐺𝑃𝐿
𝑊𝐺𝑃𝐿+(𝜌𝐺𝑃𝐿/𝜌𝑚)(1−𝑊𝐺𝑃𝐿)
                                    (3.5) 
where ρGPL and ρm are the mass densities of the GPL and the polymer matrix, 
respectively. The two parameters, ξL and ξW, in Eq. (4) characterizing the 
geometry and dimension of GPL are written as 
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 𝜉𝐿 = 2(𝑙GPL/𝑡GPL), 𝜉𝑊 = 2(𝑤GPL/𝑡GPL)                         (3.6) 
where lGPL, wGPL and tGPL are the length, width and thickness of the GPL, 
respectively. The mass density and Poisson’s ratio of the composites, ρc 
and νc, for each layer are also determined by using the rule of mixture as 
   𝜌𝑐 = 𝜌GPL𝑉GPL + 𝜌𝑚𝑉𝑚, 𝑣𝑐 = 𝑣GPL𝑉GPL + 𝑣𝑚𝑉𝑚                   (3.7) 
where Vm stands for the volume fraction of the polymer matrix.  
3.3 Finite element modelling 
Two different models, three-dimensional deformable shell and three 
dimensional deformable solid, are both adopted to create the numerical 
model as shown in  Figure 3.3 and Figure 3.4. S4R and C3D8R element 
are used to mesh the plate for finite element simulation, separately. 
 
Figure 3.3 trapezoidal composite plate model with three-dimensional and 
deformable shell  
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Figure 3.4 Multilayered trapezoidal plate model with three dimensional 
deformable solid and meshed FEM model 
3.3.1 Three-dimensional and deformable shell 
The S4R is a four-node shell element whose displacement vector is given 
as 
 {𝛿} = (𝑢, 𝑣, 𝑤)𝑇 = ∑ [𝑁𝑖]
4
𝑖=1 {𝛿𝑖}                              (3.8) 
where {𝛿𝑖} = (𝑢𝑖, 𝑣𝑖 , 𝑤𝑖)
𝑇  and [𝑁𝑖] = 𝑁𝑖[𝐼3]  represent the displacement 
vector and shape function of node i, respectively, and [𝐼3] denotes a three-
order unit matrix. Then the strain vector of each element in a global 
coordinate system is written as  
 {𝜀𝑒} = ∑ [𝐵𝑖]
4
𝑖=1 {𝛿𝑖}                                       (3.9) 
where  
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[𝐵𝑖] = [𝛥][𝑁𝑖] and  [𝛥] =
[
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                   (3.10) 
Therefore, the strain and stress vectors of a given element can be expressed 
in terms of node displacement as 
 {𝜀𝑒} = [𝐵]{𝛿𝑒}                                        (3.11) 
and 
 {𝜎𝑒} = [𝐴][𝐶][𝐴]−1[𝐵]{𝛿𝑒} = ∑ [𝐾𝑒]4𝑖=1 {𝛿
𝑒}               (3.12) 
where [𝐵] = [[𝐵1], [𝐵2], [𝐵3], [𝐵4]]  and {𝛿
𝑒} = ({𝛿1}
𝑇, {𝛿2}
𝑇, {𝛿3}
𝑇 ,
{𝛿4}
𝑇)𝑇 . [A] and [C] are the transformation matrix between local and 
global coordinate systems and the matrix of material constant, respectively. 
[𝐾𝑒]is the element stiffness matrix given by 
 [𝐾
𝑒] = ∫ [𝐵]𝑇[𝐴][𝐶][𝐴]−1[𝐵]𝑉𝑒
𝑑𝑉                            (3.13) 
Then, the strain energy of the kth element can be expressed as 
 𝑈𝑘
𝑒 =
1
2
∫ {𝜀𝑒}𝑇{𝜎𝑒}𝑉𝑘
𝑑𝑉 =
1
2
{𝛿𝑘
𝑒}𝑇[𝐾𝑘
𝑒]{𝛿𝑘
𝑒}                     (3.14) 
In terms of single composite layer with N elements, the total strain energy 
can be summarized as   
 𝑈 = ∑ 𝑈𝑘
𝑒𝑁
𝑘=1 =
1
2
∑ {𝛿𝑘
𝑒}𝑇[𝐾𝑘
𝑒]{𝛿𝑘
𝑒}𝑁𝑘=1                            (3.15) 
Hence, the total energy of composite plates with multilayers can be written 
as 
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 𝑈 =
1
2
{𝛿}𝑇[𝐾]{𝛿}                                        (3.16) 
where {𝛿} is the displacement vector and [𝐾]is the stiffness vector. The 
superscript e and subscript k represent the elements and the kth element 
respectively. 
The total kinetic energy of composite plates with multilayers can be 
expressed as  
 𝑇 =
1
2
𝜔2{𝛿}𝑇[𝑀]{𝛿}                                  (3.17) 
where 𝜔  and [𝑀]  denote the natural frequency and global mass matrix 
respectively. 
According to Lagrange’s principle, under free vibration and with the 
assumption that plates are undergoing harmonic motion, the eigenvalue 
equation is derived as 
 ([𝐾] − 𝜔2𝑀){𝛿} = 0                                (3.18)  
3.3.2 Three dimensional deformable solid 
The displacement vector for the eight-node element C3D8R can be written 
as 
 {𝛿} = (𝑢, 𝑣, 𝑤)𝑇 = ∑ [𝑁𝑖]
8
𝑖=1 {𝛿𝑖} (3.19) 
where {δi} = {ui, vi, wi}T with ui, vi and wi being the displacements of node 
i, and [Ni] is the shape function of the node. Then strain vector of an 
element in global coordinate system can be expressed as 
 {𝜀𝑒} = ∑ [𝐵𝑖]
8
𝑖=1 {𝛿𝑖} (3.20) 
where  
 [𝐵𝑖] = [𝛥][𝑁𝑖] (3.21) 
and  
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 [𝛥] =
[
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  (3.22) 
Correspondingly, the strain and stress vectors of an element can be 
expressed as 
 {𝜀𝑒} = [𝐵]{𝛿𝑒}            (3.23) 
and 
 {𝜎𝑒} = [𝐴][𝐶][𝐴]−1[𝐵]{𝛿𝑒} = ∑ [𝐾𝑒]8𝑖=1 {𝛿
𝑒}    (3.24) 
where    1 8,..., ,B B B= {𝛿𝑒} = {{𝛿1}𝑇 , . . . , {𝛿8}𝑇}𝑇,  [A] is a matrix 
transforming local coordinates into global coordinates, [C] is the matrix of 
elastic constant, and [Ke] is the stiffness matrix of the element. Then the 
stiffness matrix of structure in global coordinate system can be expressed 
as the following summation 
 [𝐾] = ∑ [𝐾𝑒]𝑒  (3.25) 
Similarly, mass and external force matrices for the structure in global 
coordinate system can be written as  
 [𝑀] = ∑ [𝑀𝑒]𝑒  and [𝐹] = ∑ [𝐹
𝑒]𝑒  (3.26) 
where [Me] and [Fe] are the mass and external force of the element.  
    By employing the principle of minimum potential energy, the following 
governing equation for forced vibration can be obtained 
 [𝐾]{𝛿} − [𝑀]{?̈?} = {𝐹}             (3.27) 
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When the plate is undergoing free vibration, the first derivative of equation 
3.27 yields 
 ([𝐾] − 𝜔2[𝑀]){𝛿} = 0            (3.28) 
where  represents the natural frequency of the structure.   
3.4 Free Vibration analysis  
3.4.1 Analysis with three-dimensional and deformable shell 
In this section, three-dimensional and deformable shell is employed to 
build the numerical trapezoidal plate with two boundary conditions as 
illustrated in Figure 3.5, where S and C represent simply supported and 
clamped, respectively. To validate the FEM simulation, the same material 
properties as reported in (Kitipornchai et al., 1994), i.e. E = 206 GPa, ρ = 
7800 kg/m3, 𝑣 = 0.3, are selected for each layer in the trapezoidal plate. 
The dimensions of the plate a, b, h and t are set as 1 m, 0.2 m, 1 m, and 0.2 
m, respectively.  
 
Figure 3.5 Fully simply supported plate and cantilevered plate 
Table 3.1 compares the first three natural frequencies obtained in present 
study to the ones by Kitipornchai et al. (1994). It can be seen that the 
present study agrees well with previous results on homogeneous plates, 
validating the FEM analysis in present work. 
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Table 3.1 Comparisons of natural frequencies for trapezoidal plates 
Frequency SSSS CFFF 
Present Ref 
(Kitipornchai 
et al., 1994) 
Present Ref 
(Kitipornchai 
et al., 1994) 
1 1443.3 1443.252 240.85 240.8634 
2 2634.9 2634.786 735.75 850.1757 
3 3071.3 3070.791 850.17 985.6303 
 
In what follows, the dimension of functionally graded GPL reinforced 
trapezoidal nanocomposites plate a, b, h and t are 1 m, 0.2 m, 1 m, 0.2 m, 
respectively. Epoxy is selected as the polymer matrix. The material 
properties are selected as  Em = 3 GPa, νm = 0.4, ρm =1266 kg/m3 , EGPL = 
1000 GPa, 𝑣GPL= 0.186, ρGPL =1060 kg/m
 11, 14. The length𝑙𝐺𝑃𝐿 , width 
𝑤𝐺𝑃𝐿and thickness 𝑡𝐺𝑃𝐿 of GPLs are 2.5 μm, 1.5 μm and 6 nm, respectively.  
Table 3.2 investigates the effect of element size on the natural frequency 
of the structures. For trapezoidal plates with three different GPL 
distributions, when the global element size decreases from 0.02 to 0.005, 
the differences of the natural frequencies for all three modes are far less 
than 1% regardless of boundary conditions as considered. This suggests 
that by using global element size as 0.02 is accurate enough for the FEM 
simulation in present study. Therefore, element size 0.02 will be used in 
the following studies. 
Table 3.2 Effect of element size on frequencies of GPL/epoxy trapezoidal 
plate 
Pattern Frequency 
SSSS CFFF 
Global element size 
0.02 0.01 0.005 0.02 0.01 0.005 
U-
GPLRC 
1 839.62 839.07 838.93 137.66 137.68 137.69 
2 1516.2 1515.1 1514.8 413.22 413.28 413.28 
3 1761.6 1758.1 1757.3 469.55 469.54 469.54 
1 729.65 729.11 728.97 113.50 113.52 113.52 
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O-
GPLRC 
2 1361.0 1359.8 1359.5 401.56 401.54 401.54 
3 1597.5 1593.3 1593.0 413.36 413.41 413.41 
X-
GPLRC 
1 855.51 855.05 854.94 153.93 153.95 153.96 
2 1469.4 1468.5 1468.2 413.33 413.39 413.40 
3 1681.5 1678.8 1678.1 492.71 492.72 492.72 
 
Figure 3.6 shows the first three vibration modes of functionally graded 
trapezoidal nanocomposite plates under SSSS and CFFF boundary 
conditions. It is obvious that the vibration modes are highly dependent on 
the plates’ boundary conditions.  
Table 3.3 investigates the influence of GPL distribution on the free 
vibration of functionally graded trapezoidal nanocomposite plates. As 
expected, plates with SSSS constraint have a higher natural frequency. For 
both SSSS and CFFF boundary conditions, the plates with GPL 
distribution X-GPLRC possess the highest natural frequencies. This 
advises that dispersing more GPL reinforcement near the top and bottom 
surfaces of the structures is the most effective way to increase their rigidity.   
 
Figure 3.6 Displacement of trapezoidal plate 
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Table 3.3 Natural frequencies of plates with three GPL distributions 
Frequency SSSS CFFF 
U-
GPLRC 
O-
GPLRC 
X-
GPLRC 
U-
GPLRC 
O-
GPLRC 
X-
GPLRC 1 839.62 729.65 855.51 137.66 113.50 153.93 
2 1516.2 1361.0 1469.4 413.22 401.56 413.33 
3 1761.6 1597.5 1681.5 469.55 413.36 492.71 
To examine the effects of average GPL weight fraction on the vibration of 
the trapezoidal GPL/epoxy plates, the average weight fraction of GPL is 
varied from 0 to 1.5%. It is clearly shown in Table 4.3 that the fundamental 
frequency of trapezoidal nanocomposite plates with the three GPL 
distribution patterns increases remarkably with the increase of the GPL 
weight fraction. For example, compared to pristine epoxy, the addition of 
1.0 wt% of GPL can increase the natural frequency by 92.4% and 111.2%, 
respectively, for X-GPLRC with SSSS and CFFF boundary conditions. 
This can be explained by the extraordinary reinforcing effects of graphene 
and its derivatives as reported in 6, 14. Plates with GPL distribution X-
GPLRC are also found to have the highest natural frequencies. The limited 
discrepancy between U-GPLRC and X-GPLRC indicates that the natural 
frequency of the plates with SSSS boundary conditions is not sensitive to 
the distribution of GPLs.  
Figure 3.8 displays the effect of GPL geometry on the fundamental 
frequency of functionally graded trapezoidal plates. The GPL length-to-
thickness ratio increases from 100 to 4000 while the GPL length is fixed 
as a constant. Regardless of the boundary condition, the fundamental 
frequency of plates with all the three GPL distribution patterns is enhanced 
by more than 30% as the l/t ratio increases up to 1000. However, such 
enhancement becomes less pronounced when the l/t ratio further increases. 
Besides, plates reinforced with GPLs having smaller l/w ratio, exhibit 
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comparatively higher natural frequency. The above observed phenomena 
suggest that GPLs with larger size and fewer layers are preferred to 
enhance the fundamental frequency of functionally graded trapezoidal 
GPL/epoxy nanocomposite plates. This can be interpreted by the fact that 
larger surface area provides more contact area between GPLs and epoxy 
hence better loading transfer ability and better reinforced effect.  
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Figure 3.7 Effect of GPL weight fraction on fundamental frequency of 
trapezoidal GPL/epoxy plates (a) CFFF; (b) SSSS 
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Figure 3.8 Effect of GPL length-to-thickness ratio on the fundamental 
frequency of trapezoidal GPL/epoxy plates (a) CFFF; (b) SSSS 
Figure 3.9 further examines the effect of GPL geometry and size, in terms 
of length-to-width ratio, on the free vibration characteristic of functionally 
graded trapezoidal nanocomposite plates where the average length and 
thickness of GPLs are hold constants as 2.5 m and 6 nm, respectively. 
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The fundamental frequencies of both the fully simply supported and 
cantilevered trapezoidal plates decreases by minimally 13% as l/w increase 
from 0.5 to 4. This agrees with the observation in Figure 3.8.   
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Figure 3.9 Effect of GPL length-to-width ratio on the fundamental 
frequency of trapezoidal GPL/epoxy plates (a) CFFF; (b) SSSS 
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To investigate the effects of the plate geometry on the vibration, Figure 
3.10 and Figure 3.11 demonstrate 9 trapezoidal plates with different 
geometries but keeping the thickness and volume of the plates unchanged. 
The height of the trapezoidal plate h is changing from 1 m to 0.5 m. Three 
different values, i.e. 30º, 45º and 60º, are selected for the bottom angles  
and . Table 3.4 tabulates the first three natural frequencies of isosceles 
trapezoidal plates with bottom angles  and , which vary from 30º to 60º 
as shown in Figure 3.10. Obviously, regardless of GPL distribution pattern 
and bottom angles, the natural frequencies are greater for plates with SSSS 
boundary conditions compared to CFFF constraint. Among the three GPL 
distribution patterns, X-GPLRC exhibits the highest natural frequency 
while O-GPLRC has the lowest value. With the increase of the bottom 
angles, i.e.  and   increase from 30º to 60º, the natural frequency 
decreases for all cases considered. However, it should be noted that plates 
with SSSS constraint and GPL X-GPLRC are less sensitive to the variation 
of the bottom angles. For example, the fundamental frequencies are 
decreased by 9.3%, 9.6% and 8.6% for SSSS plates with U-GPLRC, O-
GPLRC and X-GPLRC, respectively, as bottom angle  and  varying 
from 30º to 60 º while the corresponding decreases are 12.5%, 13.0% and 
11.6% for CFFF plates respectively. Comparing with cantilevered plates, 
the fundamental frequency of fully simply supported plates is not sensitive 
to GPL distribution pattern. For example, only a 0.1% difference exists 
between U-GPLRC and X-GPLRC regardless of the bottom angle. It 
should be noticed that for fully supported plates, the natural frequencies of 
the plates with GPL distribution X-GPLRC is a little bit smaller than that 
for the plates with distribution U-GPLRC when bottom angles  = = 30º.   
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 Figure 3.10 schematic bottom angle configuration of isosceles plates (a, b, 
c) 
Table 3.4 Effect of bottom angles  and  on fundamental frequency of 
isosceles trapezoidal GPL/epoxy plates 
 
Figure 3.12 and Figure 3.13 investigate the effects of bottom angle  of 
nonisosceles trapezoidal plates on the fundamental frequencies when the 
bottom angle  is fixed as constants, i.e.  = 30º and 45º as shown in Figure 
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3.11, respectively. Fundamental frequencies decrease as bottom angle  
increases for all boundary conditions and GPL distribution patterns as 
considered. Similar to the trend as observed in Table 4, for the same bottom 
angles, plates with SSSS boundary conditions and GPL distribution X-
GPLRC have the highest natural frequencies. The comparisons between 
Figure 3.12 and Figure 3.13 indicate that for the same bottom angle  the 
increase in bottom angle  decreases the natural frequency of the plates. 
Moreover, it is found that the natural frequency is more sensitive to GPL 
distribution patterns for the plates with CFFF boundary conditions 
compared to SSSS constraint. 
 
Figure 3.11 schematic bottom angle configuration of nonisosceles plates 
( = 30º; d, e, f) ( =45º; g, h, i) 
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Figure 3.12 Effect of bottom angle  ( = 30º) on fundamental frequency 
of nonisosceles trapezoidal GPL/epoxy plates (a) CFFF; (b) SSSS 
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Figure 3.13 Effect of bottom angle  ( = 45º) on fundamental frequency 
of nonisosceles GPL/epoxy plates (a) CFFF; (b) SSSS 
3.4.2 Analysis with three-dimensional deformable solid 
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In this section, free vibration behaviours of cantilevered functionally 
graded GPL reinforced trapezoidal plates are studied by three-dimensional 
deformable solid model. A functionally graded GPL reinforced 
nanocomposite trapezoidal plate is shown in Figure 3.14a where a and b 
are the lengths of the parallel sides, h and t are the height and thickness of 
the plate, α and β denote the two angles at the base, respectively. The 
dimensions of the trapezoidal plate are selected as a = 0.2 m, b = 1 m, h = 
1 m and t = 0.2 m, respectively. GPLs and epoxy are chosen as the 
reinforcing fillers and polymer matrix, respectively, whose material 
properties are set as the same as those reported in (Rafiee, Rafiee, Wang, 
et al., 2009; M. Song, Kitipornchai, et al., 2017), i.e. Em = 3.0 GPa, νm = 
0.34, ρm = 1200 kg/m3, EGPL = 1010 GPa, νGPL = 0.186, ρGPL = 1060 kg/m3. 
The average length, width and thickness of the GPLs are lGPL = 2.5 µm, 
wGPL = 1.5 µm and tGPL = 1.5 nm, respectively. Unless otherwise stated, the 
plate dimensions and the material properties as mentioned above are used 
for the parametric study in this section. The boundary condition for the 
trapezoidal plate is shown in Figure 3.14b, where C and F denote clamped 
and free constraints, respectively.  
 
Figure 3.14 Geometry of trapezoidal plate and diagram of boundary 
condition 
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Before validation and parametric study, the influences of element size on 
the vibration performances of trapezoidal plates are investigated, in which 
three element sizes, i.e. 0.01 m, 0.008 m and 0.005 m, are selected. Table 
3.5 compares the natural frequency of the trapezoidal plate reinforced by 
GPLs according to X-GPLRC by using different element sizes. The 
average GPL weight fraction in the structure is W0 = 1 wt%. Apparently, 
using element size 0.01 m is accurate enough to obtain convergent results 
while it takes less computation time. The convergence can also be observed 
for the other distribution patterns. Therefore, element size 0.01 will be used 
for the subsequent analysis to increase calculation efficiency.  
In addition to element size, the proposed functionally graded trapezoidal 
plate is consisting of a number of layers. It is necessary to investigate the 
effect of the number of layers on the vibration behaviours of the plates. 
Table 3.6 tabulates the natural frequency of trapezoidal plates with 
different number of layers. As can be viewed, as the number of layers 
increases from 10 to 20 negligible variations are observed for the 
frequencies. This indicates that using 10 layers is accurate enough to obtain 
functionally graded plates with continuous variations in mechanical 
properties. Such convergence can also be found for other cases. Therefore, 
10 layers will be utilized for the analysis in the following sections.  
Table 3.5 Effects of element size on convergence of FEM simulation (n = 
10, X-GPLRC) 
 Element size (m) λ 0.01 0.008 0.005 
Element number Ne 120640 245232 986480 
Natural frequency (Hz) 
1 175.27 175.33 175.39 
2 471.01 471.04 471.07 
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3 571.88 572.18 572.52 
Note: λ and Ne denote the global element size, total number of elements. 
Table 3.6 Effects of number of layers on the natural frequency (X-GPLRC).  
Number of layers n 10 12 14 20 
Natural 
Frequency 
(Hz) 
1 175.27 175.47 175.33 175.62 
2 471.01 471.01 470.99 470.99 
3 571.88 571.9 570.78 571.23 
 
To validate the FEM model, natural frequencies of a homogeneous 
trapezoidal plate are compared to the ones by Kitipornchai et al. 
(Kitipornchai et al., 1994) in Table 3.7.  The boundary conditions are as 
shown in Figure 3.14. The dimensions are a = 1 m, b = 0.2 m, h = 1 m and 
t = 0.2 m.  The material properties are E = 206 GPa, ρ = 7800 kg/m3 and 𝑣 
= 0.3. Again, present results agree well with the previously reported results.  
Table 3.7 Comparison of natural frequency for a CFFF trapezoidal plate. 
Frequency Present (Hz) Kitipornchai et al 
(Kitipornchai et al., 
1994) 
1 241.51 240.8634 
2 737.64 850.1757 
3 852.97 985.6303 
4 991.42 ---- 
 
Figure 3.15 shows the first three vibration modes of cantilevered 
functionally graded GPL/epoxy trapezoidal plates. Natural frequencies for 
the first three modes of the plates with different patterns are tabulated in 
Table 3.8. Apparently, the plate with GPL distribution X-GPLRC 
possesses the highest natural frequency, followed by the plates with U-
GPLRC and O-GPLRC. 
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Figure 3.15 Vibration modes of functionally graded GPL/epoxy 
trapezoidal plates. 
Table 3.8 Effect of GPL distributions on natural frequency of functionally 
graded GPL/epoxy trapezoidal plates (W0 = 1 %). 
 Natural frequency 
(Hz) 
U-GPLRC O-GPLRC X-GPLRC 
1 155.44 125.62 175.27 
2 471.51 454.80 471.01 
3 541.48 471.50 571.88 
 
Figure 3.16 displays the variation of the fundamental natural frequency of 
trapezoidal plates with different GPL distribution pattern and concentration. 
As expected, the natural frequency increases with the increase of GPL 
weight fraction due to the increased stiffness of the plates by GPL 
reinforcements. Apart from GPL concentration, it can be seen that the 
natural frequency also depends on GPL distribution pattern. With the same 
GPL weight fraction, plates with X-GPLRC have the highest natural 
frequency.  
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Figure 3.16. Effect of GPL concentration on natural frequencies of 
functionally graded GPL/epoxy trapezoidal plates (W0 = 1 %) 
Figure 3.17 examines the effects of GPL dimension on free vibration of the 
GPL/epoxy trapezoidal plates. The average length of GPL is kept as a 
constant while the width and the thickness vary accordingly. It can be seen 
the natural frequency increases dramatically for smaller length-to-
thickness ratio, i.e. lGPL/tGPL < 1000. As the ratio further increases, the 
natural frequency increases slightly and tends to converge to constants. In 
addition, the comparisons for different length-to-width ratios indicate that 
the plates reinforced by GPLs with larger surface area have higher natural 
frequency.  
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Figure 3.17 Effect of GPL dimension on fundamental natural frequency of 
functionally graded GPL/epoxy trapezoidal plates (W0 = 1 %, X-GPLRC) 
To examine the influence of plate geometry on the plate vibration 
performance, the height h of trapezoidal plate is reduced to 0.5 m while the 
volume and thickness of trapezoidal plates are kept constant. The effects 
of the base angles on the free vibration are investigated in Figure 3.18, in 
which both the angles vary from 30º to 90º. It can be seen that the natural 
frequency decreases with the increase of the base angle β. In addition, the 
trapezoidal plates with fixed angle β and smaller angle α have a higher 
natural frequency. The variation of the natural frequency is found to be 
more sensitive to the increase of angle β for plates with smaller angle α. 
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Figure 3.18 Effect of plate geometry on natural frequency of functionally 
graded GPL/epoxy trapezoidal plates (W0 = 1 %, X-GPLRC) 
3.5 Forced vibration analysis  
A functionally graded GPL reinforced nanocomposite trapezoidal plate is 
shown in Figure 3.19 where a and b are the lengths of the parallel sides, h 
and t are the height and thickness of the plate, α and β denote the two angles 
at the base, respectively. P is the centre point of the top surface and L is the 
line connecting the midpoints A and B at the bottom surface. The dynamic 
deflections of point P will be presented for parametric study. The 
dimensions of the trapezoidal plate are selected as a = 0.2 m, b = 1 m, h = 
1 m and t = 0.2 m, respectively. GPLs and epoxy are chosen as the 
reinforcing fillers and polymer matrix, respectively, whose material 
properties are set as the same as those reported in (Rafiee, Rafiee, Wang, 
et al., 2009; M. Song, Kitipornchai, et al., 2017), i.e. Em = 3.0 GPa, νm = 
0.34, ρm = 1200 kg/m3, EGPL = 1010 GPa, νGPL = 0.186, ρGPL = 1060 kg/m3. 
The average length, width and thickness of the GPLs are lGPL = 2.5 µm, 
wGPL = 1.5 µm and tGPL = 1.5 nm, respectively. Unless otherwise stated, the 
plate dimensions and the material properties as mentioned above are used 
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for the parametric study. A pulsed pressure with an action time of 2 ms as 
shown in Figure 3.20 is used for forced vibration analysis. The boundary 
condition for the trapezoidal plate is shown in Figure 3.14b, where C and 
F denote clamped and free constraints, respectively.   
 
Figure 3.19 Geometry of trapezoidal plate 
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Figure 3.20 Pressure load imposed for forced vibration 
Before validation and parametric study, the influences of element size on 
the vibration performances of trapezoidal plates are investigated, in which 
three element sizes, i.e. 0.01 m, 0.008 m and 0.005 m, are selected. Table 
3.9 compares dynamic deflections of point P on the trapezoidal plate 
reinforced by GPLs according to X-GPLRC by using different element 
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sizes.  The average GPL weight fraction in the structure is W0 = 1 wt%. 
Apparently, using element size 0.01 m is accurate enough to obtain 
convergent results while it takes less computation time. The convergence 
can also be observed for the other distribution patterns. Therefore, element 
size 0.01 will be used for the subsequent analysis to increase calculation 
efficiency.  
In addition to element size, the proposed functionally graded trapezoidal 
plate is consisting of a number of layers. It is necessary to investigate the 
effect of the number of layers on the vibration behaviours of the plates. 
Table 3.10 tabulates the dynamic deflections of point P on trapezoidal 
plates with different number of layers. As can be viewed, as the number of 
layers increases from 10 to 20 negligible variations are observed for the 
deflections and the frequencies. This indicates that using 10 layers is 
accurate enough to obtain functionally graded plates with continuous 
variations in mechanical properties. Such convergence can also be found 
for other cases. Therefore, 10 layers will be utilized for the analysis in the 
following sections.  
Table 3.9 Effects of element size on convergence of FEM simulation (n = 
10, X-GPLRC). 
 Element size (m) λ 0.01 0.008 0.005 
Element number Ne 120640 245232 986480 
Dynamic deflection 
(m) 
15 
ms 
1.80 × 10-4 1.80 × 10-4 1.80 × 10-4 
35 
ms 
–1.81 × 10-
4 
–1.82 × 10-
4 
–1.82 × 10-
4 55 
ms 
1.83 × 10-4 1.84 × 10-4 1.84 × 10-4 
75 
ms 
–1.84 × 10-
4 
–1.85 × 10-
4 
–1.86 × 10-
4 T (s) 379.70 1023.50 9704.80 
Note: λ, Ne and T denote the global element size, total number of elements 
and computation time.   
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Table 3.10 Comparisons of dynamic deflection of plates with various 
layers (X-GPLRC).  
Number of 
layers 
n 10 12 14 20 
Dynamic  
deflection  
(m) 
15 ms 1.80 × 10-4 1.80 × 10-4 1.79 × 10-4 1.79 × 10-4 
35 ms –1.81 × 10-4 –1.83 × 10-4 –1.82 × 10-4 –1.83 × 10-4 
55 ms 1.83 × 10-4 1.85 × 10-4 1.84 × 10-4 1.86 × 10-4 
75 ms –1.84 × 10-4 –1.87 × 10-4 –1.85 × 10-4 –1.87 × 10-4 
 
Figure 3.21 plots the dynamic deflection of the centre point P when the 
functionally graded GPL/epoxy trapezoidal plates are undergoing the same 
pulse pressure as shown in Figure 3.20. It can be seen that the plate with 
O-GPLRC has the largest amplitude and X-GPLRC has the smallest value. 
In addition, the peaks for U-GPLRC and O-GPLRC shift to right compared 
to the one for X-GPLRC.  This indicates that the plate with X-GPLRC has 
the highest vibrating frequency. The above observations for the dynamic 
deflection inform us trapezoidal plates reinforced with GPLs according to 
X-GPLRC vibrate with the highest frequency and smallest amplitude. This 
phenomenon agrees with the conclusion for bending and free vibration 
analysis that dispersing more GPLs near the surfaces of the plates enables 
the trapezoidal plate to have improved capability to resist deflection.  
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Figure 3.21 Effect of GPL distribution on dynamic deflection of 
functionally graded GPL/epoxy trapezoidal plates (W0 = 1 %, point P) 
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Figure 3.22 Effect of GPL concentration on dynamic response of 
functionally graded GPL/epoxy trapezoidal plates (W0 = 1 %, Point P) 
Figure 3.22 compares the dimensionless vibration amplitude δdynamic/t, 
where δdynamic denotes vibration amplitude of the point P at the free end. 
Similar to the trend as observed for bending deflection, plates with 
distribution X-GPLRC has the smallest dynamic deflection while O-
GPLRC has the largest one. In addition, the variation of the dimensionless 
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amplitude is found to be more sensitive to the GPL concentration for plates 
with X-GPLRC than those with U-GPLRC and O-GPLRC. 
Figure 3.23 presents the effects of GPL dimension on the dimensionless 
vibration amplitude of the point P at the free end of the trapezoidal plate. 
Note that the average length of GPLs is kept a constant as 2.5 µm as the 
width and thickness vary accordingly. It is found the vibration amplitude 
reduces by more than 24% as the length-to-thickness ratio increases from 
100 to 1000 for all length-to-width ratios as considered. However, with the 
further increase of the ratio greater than 1000, the vibration amplitude only 
increases by less than 8%. This advised again that GPLs with larger surface 
area and fewer single graphene layers are better reinforcing fillers 
compared to their counterparts.  
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Figure 3.23 Effect of GPL dimension on dynamic response of functionally 
graded GPL/epoxy trapezoidal plates (W0 = 1%, X-GPLRC, Point P) 
Figure 3.24 investigates the effect of base angles   and   on vibration 
amplitude of the centre point P, in which the height of the plate is fixed as 
0.5 m while the area and thickness of the plate are fixed as constants. 
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Apparently, vibration amplitude increases when either of the angles  and 
 increases. This indicates that the enhancement of either of the two base 
angles will reduce the stiffness and increase dynamic deflection of the 
trapezoidal plate. Such observation may provide suggestions when 
designing and optimizing the trapezoidal structures. 
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Figure 3.24 Effect of plate geometry on dynamic response of functionally 
graded GPL/epoxy trapezoidal plates (W0 = 1%, X-GPLRC, Point P) 
3.6 Conclusions 
In this chapter, a comprehensive study on the vibration behaviours of 
multi-layer trapezoidal nanocomposite plates reinforced with non-uniform 
distributed GPLs has been conducted by employing FEM simulation. The 
effects of GPL weight fraction, distribution pattern, geometry and the 
bottom angle of the trapezoidal plate on the vibration characteristics of the 
plates have been investigated. Numerical results show that the natural 
frequencies of the plates can be significantly enhanced by adding a small 
amount of GPLs into polymer matrix. Plates with bigger GPL 
concentration show lower dynamic deflection. Apart from GPL 
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concentration, the distribution pattern plays an essential role in structural 
performance. Dispersing larger sized GPLs with fewer graphene layers 
near the top and bottom surfaces of the plate is the most effective way to 
improve the structural stiffness. However, the reinforcing effect becomes 
limited when GPL length-to-thickness ratio is bigger than 1000. Moreover, 
an increase in the bottom angle of the plate leads to reduced natural 
frequencies of the functionally graded trapezoidal multilayer 
nanocomposite plate. In addition, the plate with smaller base angles has 
better resistance to dynamic deflections. 
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Chapter 4  
Linear and nonlinear bending of 
functionally graded trapezoidal 
nanocomposite plates reinforced with 
graphene nanoplatelets (GPLs) 
The main findings of this chapter have been published in: 
• Zhao, Z., Feng, C., Wang, Y., & Yang, J. (2017). Bending and 
vibration analysis of functionally graded trapezoidal nanocomposite 
plates reinforced with graphene nanoplatelets (GPLs). Composite 
Structures, 180, 799-808. 
• Zhao, Z., Feng, C., Dong, Y., Wang, Y., & Yang, J. (2019). 
Geometrically nonlinear bending of functionally graded 
nanocomposite trapezoidal plates reinforced with graphene platelets 
(GPLs). International Journal of Mechanics and Materials in Design, 
15(4), 791-800. 
This chapter investigates the linear and nonlinear bending behaviours of 
functionally graded trapezoidal nanocomposite plates reinforced with 
graphene platelets (GPLs) under thermo-mechanical loading by employing 
finite element method (FEM). The modified Halpin-Tsai model and rule of 
mixtures are adopted to determine Young’s modulus, Poisson’s ratio and 
the thermal expansion coefficient of the nanocomposites. The influences 
of a number of factors, including the distribution pattern, concentration and 
size of GPLs, plate geometry and temperature, on the bending performance 
of the nanocomposite plates are comprehensively investigated.  
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4.1 Introduction 
Graphene has been attracting continuous attention from the academic and 
industrial community due to its unique 2D structure and extraordinary 
mechanical and physical properties. Graphene possesses a density of 0.005 
g·cm-3 (Zheng, Zhou, Cao, Wang, & Liu, 2014) whereas its Young’s 
modulus can reach as high as 1.02 TPa (Alzebdeh, 2012; Le, 2015). 
Recently, its potential as reinforcing nanofillers has been well investigated 
and developed (Kundalwal, Shingare, & Rathi, 2018; Potts et al., 2011). 
With 0.04 wt% of graphene (Park et al., 2015), nanocomposites show an 
improvement of 150% in the fracture toughness and 240% in the fracture 
energy, respectively, compared to those of pristine epoxy. The bulking 
resistance of the nanocomposites was increased by 52%  with 0.1 wt% of 
graphene nanoplatelets (GPL) added into epoxy  (Rafiee, Rafiee, Yu, & 
Koratkar, 2009). PVA  is observed to have a 10-folds improvement in 
Young’s modulus by adding 1.8 vol% fully exfoliated graphene (X. Zhao 
et al., 2010). In addition to experiments, theoretical work has also 
evidenced significant improvement on the mechanical properties of the 
nanocomposites. Rahman and Haque (Rahman & Haque, 2013) and Sun et 
al. (Sun, Li, Feng, Kitipornchai, & Yang, 2018) used molecular modelling 
techniques and observed considerable improvement in Young’s and shear 
moduli of the graphene reinforced nanocomposites. Moreover, 
micromechanics modelling techniques were also developed and adopted to 
predict the reinforcing effects of graphene on the mechanical properties of 
the nanocomposites (Chuang Feng, Wang, Kitipornchai, & Yang, 2017; C. 
Feng, Wang, & Yang, 2018; Ji, Cao, & Feng, 2010; Spanos, Georgantzinos, 
& Anifantis, 2015).   
Functionally graded materials (FGMs) (Reimanis, 2004; Swaminathan, 
Naveenkumar, Zenkour, & Carrera, 2015) have demonstrated great 
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potential in engineering applications because of their outstanding 
mechanical performance and the advantages on resisting delamination and 
crack. Recently, taking advantages of graphene composites to developed 
FGMs and structures has attracted considerable attention from researchers. 
Yang and his co-workers (Chuang Feng, Sritawat Kitipornchai, et al., 2017; 
M. Song, Kitipornchai, et al., 2017; M. Song, Yang, Kitipornchai, et al., 
2017; H. Wu, J. Yang, & S. Kitipornchai, 2017; Zhao et al., 2017) verified 
that by optimizing the distribution of graphene, FGMs show better 
structural behaviours compared to the ones with uniform distribution of the 
same loading of GPLs. Shen et al. (Shen, Xiang, & Lin, 2017a; Shen, Xiang, 
et al., 2017b; Shen, Xiang, Lin, et al., 2017) theoretically illustrated the 
essential reinforcing effects of graphene on FGM laminates with and 
without foundations under thermo-mechanical loading. It is evidenced that 
the bending, vibration and buckling performances of the structures can be 
significantly improved by the piece-wise functionally graded distribution 
of GPLs. Gholami et al. (2017) found that the nonlinear bending 
performance of FG composite rectangular plates can be improved by 
approximate15% compared with isotropic graphene reinforced composite 
plates. Kiani and Mirzaei (Kiani & Mirzaei, 2018) demonstrated that the 
studied the nonlinear stability of laminated beams can be significantly 
improved by functionally graded distribution of GPLs. Sahmani and 
Aghdam (Sahmani & Aghdam, 2017b) also observed the enhancement of 
buckling behaviours of graphene reinforced FGM beams and shells by 
using nonlocal strain gradient theory.   
Trapezoidal plates have been extensively used in various engineering fields. 
One typical example is the aircraft wing and tail in aerospace engineering. 
Geometric nonlinear structural behaviours can be observed often on these 
trapezoidal plates as the structures are normally exposed to high-level 
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airflow and acoustic pressure (Han & Petyt, 1997). Since 1992, Liew et al. 
(Kitipornchai et al., 1994; Liew, 1992; Liew & Lam, 1991; Lim et al., 1996) 
conducted a series of mathematical studies on the static and dynamic 
behaviour of isotropic and anisotropic trapezoidal plates by employing the 
Rayleigh-Ritz method. Leung & Zhu (2004) employed trapezoidal 
hierarchical finite element to reveal the geometric nonlinear vibration 
properties of trapezoidal Mindlin plates. They found that that the shape of 
backbone curve is hardly affected by the skew angles. Jiang et al. (2016) 
analysis showed that the nonlinear behaviours of composites trapezoidal 
plates are sensitive to their ply angle and length-to-height ratio by using 
von Karman’s large deformation theory. Shufrin, Rabinovitch, & 
Eisenberger (2010) developed a semi-analytical approach to examine the 
geometrically nonlinear behaviour of isotropic trapezoidal plates. Shufrin 
et al. (2010),  Watts et al. (2017) and Kumar et al. (2017) studied the 
nonlinear bending behaviours of isotropic trapezoidal plates subjected to 
various conditions by employing theoretical and numerical methods. 
Although some works have been conducted on the nonlinear bending 
behaviours of trapezoidal plates, the majority of previous work is focused 
on the structures with isotropic materials. Limited work has been identified 
on the nonlinear bending behaviours of graphene reinforced FGM 
trapezoidal plates subjected to thermo-mechanical loading. 
Therefore, this chapter investigates the bending behaviours of GPL 
reinforced FGM trapezoidal nanocomposite plates through finite element 
method (FEM), in which thermo-mechanical loading is considered. 
Parametric study is conducted to highlight the effects of the distribution, 
concentration and size of GPL, plate geometry and temperature on the 
nonlinear bending behaviours of the FGM trapezoidal plates. 
4.2 Effective material properties 
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The FG-GPLRC trapezoidal plate consists of a number of layers and each 
individual layer is homogeneous with GPLs uniformly distributed while 
the GPL concentration varies from layer to layer in the thickness direction 
according to the three prescribed GPLs distribution patterns as shown in 
Figure 4.1, i.e. U-GPLRC, O-GPLRC and X-GPLRC. As demonstrated in 
our previous study (Zhao et al., 2017), a multilayered model with ten 
individual layers is accurate enough to approximate an ideal FGM structure 
with balanced manufacturing cost. Therefore, in present work, 10 layers 
will be adopted for the FGM trapezoidal plates unless stated otherwise.  
 
Figure 4.1 Three GPL distribution patterns 
For U-GPLRC pattern, the GPL concentration is fixed as a constant for all 
stacked layers, corresponding to homogeneous GPLRC. The GPL 
concentration for patterns O-GPLRC and X-GPLRC gradually increases 
and decreases from the top and bottom layer to the middle, respectively. 
The GPL concentration for these two patterns in each individual layer can 
be determined as 
O-GPLRC: 𝑊𝑖 =
2𝑊0
𝑡
∫
𝑡−|2𝑧−𝑡|
𝑧𝑖 −𝑧𝑖−1
𝑧𝑖
𝑧𝑖−1
       i = 1, 2…n           (4.1) 
X-GPLRC: 𝑊𝑖 =
2𝑊0
𝑡
∫
|2𝑧−𝑡|
𝑧𝑖 −𝑧𝑖−1
𝑧𝑖
𝑧𝑖−1
         i = 1, 2…n           (4.2) 
where Wi and W0 are the GPL weight fraction of the ith layer and the 
average GPL weight fraction of the FG-GPLRC trapezoidal plates. 
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Verified by Rafiee et al. (Rafiee, Rafiee, Wang, et al., 2009), Young’s 
modulus of homogeneous GPLRC can be predicted with by modified 
Halpin-Tsai model as 
 𝐸𝑐 =
3
8
𝐸𝐿 +
5
8
𝐸𝑇， (4.3) 
where EL and ET represent the moduli contributed by the longitudinal and 
transverse directions, respectively. They can be given as 
𝐸𝐿 =
1+𝜉𝐿𝜂𝐿𝑉𝐺𝑃𝐿
1−𝜂𝐿𝑉𝐺𝑃𝐿
× 𝐸𝑚,  𝐸𝑇 =
1+𝜉𝑊𝜂𝑊𝑉𝐺𝑃𝐿
1−𝜂𝑊𝑉𝐺𝑃𝐿
× 𝐸𝑚 ,                (4.4) 
with parameters ηL and ηW being 
𝜂𝐿 =
(𝐸𝐺𝑃𝐿/𝐸𝑚)−1
(𝐸𝐺𝑃𝐿/𝐸𝑚)+𝜉𝐿
, 𝜂𝑊 =
(𝐸𝐺𝑃𝐿/𝐸𝑚)−1
(𝐸𝐺𝑃𝐿/𝐸𝑚)+𝜉𝑊
                           (4.5) 
where EGPL and Em are the Young’s moduli of GPL and the polymer matrix, 
respectively. L and W are parameters capturing the geometry of GPLs, 
i.e.(M. Song, Yang, & Kitipornchai, 2017) 
𝜉𝐿 = 2(𝑙GPL/𝑡GPL), 𝜉𝑊 = 2(𝑤GPL/𝑡GPL)                        (4.6) 
where lGPL, wGPL and tGPL are the length, width and thickness of the GPL, 
respectively. The volume fraction of GPL used in Eq. (4) can be 
determined as 
 𝑉
GPL
=
𝑊𝑖
𝑊𝑖+(𝜌𝐺𝑃𝐿/𝜌𝑚)(1−𝑊𝑖)
                                  (4.7) 
where ρGPL and ρm are the mass densities of the GPL and the polymer 
matrix, respectively. 
The Poisson’s ratio νc and the thermal expansion coefficient αc of  the 
GPLRC can be approximated by using the rule of mixture as  
  𝑣𝑐 = 𝑣GPL𝑉GPL + 𝑣𝑚
(1 − 𝑉
GPL
)，𝛼𝑐 = 𝛼GPL𝑉GPL + 𝛼𝑚(1 − 𝑉GPL)   (4.8) 
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where 𝑣
GPL
 (𝑣𝑚 ) and 𝛼GPL  (𝛼𝑚 ) are the Poisson’s ratio and thermal 
expansion coefficient of GPLs and the polymer matrix, respectively 
4.3 Finite element implementation 
The finite element analysis is employed in the present study to investigate 
the nonlinear bending of the FG-GPLRC trapezoidal plates. Figure 4.2a 
shows a typical multilayered trapezoidal plate while Figure 4.2b is meshed 
plate using 3D element C3D8R in ABQUAS.    
 
Figure 4.2 Multilayered trapezoidal plate and meshed FEM model. 
4.3.1 Analysis without thermal loading  
The displacement vector for the eight-node element C3D8R can be written 
as 
 {𝛿} = (𝑢, 𝑣, 𝑤)𝑇 = ∑ [𝑁𝑖]
8
𝑖=1 {𝛿𝑖} (4.9) 
where {δi} = {ui, vi, wi}T with ui, vi and wi being the displacements of node 
i, and [Ni] is the shape function of the node. Then strain vector of an 
element in global coordinate system can be expressed as 
 {𝜀𝑒} = ∑ [𝐵𝑖]
8
𝑖=1 {𝛿𝑖} (4.10) 
where  
 [𝐵𝑖] = [𝛥][𝑁𝑖] (4.11) 
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and  
 [𝛥] =
[
 
 
 
 
 
 
 
 
 
𝜕
𝜕𝑥
0 0
0
𝜕
𝜕𝑦
0
0 0
𝜕
𝜕𝑧
0
𝜕
2𝜕𝑧
𝜕
2𝜕𝑦
𝜕
2𝜕𝑧
0
𝜕
2𝜕𝑥
𝜕
2𝜕𝑦
𝜕
2𝜕𝑥
0 ]
 
 
 
 
 
 
 
 
 
  (4.12) 
Correspondingly, the strain and stress vectors of an element can be 
expressed as 
 {𝜀𝑒} = [𝐵]{𝛿𝑒}            (4.13) 
and 
 {𝜎𝑒} = [𝐴][𝐶][𝐴]−1[𝐵]{𝛿𝑒} = ∑ [𝐾𝑒]8𝑖=1 {𝛿
𝑒}  (4.14) 
where 
   1 8,..., ,B B B= {𝛿𝑒} = {{𝛿1}𝑇 , . . . , {𝛿8}𝑇}𝑇,  [A] is a matrix 
transforming local coordinates into global coordinates, [C] is the matrix of 
elastic constant, and [Ke] is the stiffness matrix of the element. Then the 
stiffness matrix of structure in global coordinate system can be expressed 
as the following summation 
 [𝐾] = ∑ [𝐾𝑒]𝑒  (4.15) 
Similarly, mass and external force matrices for the structure in global 
coordinate system can be written as  
 [𝑀] = ∑ [𝑀𝑒]𝑒  and [𝐹] = ∑ [𝐹
𝑒]𝑒  (4.16) 
where [Me] and [Fe] are the mass and external force of the element.  
    By employing the principle of minimum potential energy, the following 
governing equation for forced vibration can be obtained 
 [𝐾]{𝛿} − [𝑀]{?̈?} = {𝐹} (4.17) 
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For static bending, Eq. (4.17) can be reduced to 
[𝐾]{𝛿} = [𝐹]      (4.18) 
4.3.2 Analysis with thermal loading  
The linear thermo-elastic stress-strain relationship of an element can be 
expressed as 
{𝜎𝑒} = [𝐶]{𝜀𝑒 − 𝜀𝑇}                              (4.19) 
where {σe} = [xx yy zz yz  xz xy]T  , {e}=[xx yy zz yz  xz xy]T, [C] is the 
stiffness matrix of the nanocomposite material given as 
 
1
1 0
1
1 2
(1 )(1 2 )
2 1 2
0
2 1 2
2
c c c
c c c
c c c
c
c
c c
c
c
E
C
  
  
  

 


− 
 −
 
 −
 = − + −
 −
 
− 
  
       (4.20) 
{T} in Eq. (4.19) is the thermal strain caused by temperature incremental 
T, which is  
{𝜀𝑇} = [𝛼𝑥𝑥 𝛼𝑦𝑦 𝛼𝑧𝑧 𝛼𝑦𝑧 𝛼𝑥𝑧 𝛼𝑥𝑦]
𝑇
𝛥𝑇              (4.21) 
For present GPL/polymer composites, thermal expansion coefficients can 
be simplified as αxx = αyy = αzz and αyz = αxz = αxy.  
In the global coordinate system, the strain-displacement relation of an 
element can be written as 
{𝜀𝑒} = ∑ [𝛥][𝑁𝑖]{𝛿𝑖}
8
𝑖=1                           (4.22) 
where 
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[𝛥] =
[
 
 
 
 
 
 
 
 
 
 
 
 
𝜕
𝜕𝑥
0 0
0
𝜕
𝜕𝑦
0
0 0
𝜕
𝜕𝑧
0
𝜕
𝜕𝑧
𝜕
𝜕𝑦
𝜕
𝜕𝑧
0
𝜕
𝜕𝑥
𝜕
𝜕𝑦
𝜕
𝜕𝑥
0
]
 
 
 
 
 
 
 
 
 
 
 
 
 
and {i} = (ui, vi, wi)T representing the displacement field and Ni are the 
shape functions of nodes. Substituting Eq. (4.22) into Eq. (4.19) yields 
{𝜎𝑒} = [𝐶][𝐵]{𝛿𝑒} − {𝜎𝑇}                                  (4.23)  
where {T} is the thermal stress expressed as {T} = [C]{T} and [B] = 
[B1, …, B8], [e] = {{1}T, …, {8}T}T.  [Bi] has the following expression 
[𝐵𝑖] = [𝛥][𝑁𝑖]                                          (4.24) 
Then the total strain energy of the multilayered trapezoidal plate can be 
expressed as 
𝑈 = ∑ 𝑈𝑖
𝑚
𝑖=1                                            (4.25) 
where m denotes the number of elements, 𝑈𝑖 is the strain energy of the ith 
element, i.e.  
𝑈𝑖 =
1
2
∫ {𝜀𝑒}𝑉
𝑇
{𝜎𝑒}𝑑𝑉                                 (4.26) 
The work done by external load q(x,y) on the upper surface of the 
trapezoidal plate can be expressed as 
𝑊 = ∫ 𝑞(𝑥, 𝑦)𝛿𝑑𝐴𝐴                                        (4.27) 
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where A represents the surface area of the trapezoidal plane and 𝛿 is the 
global nodal displacement vector. 
Employing the principle of minimum potential energy, the following 
governing equation for the nonlinear bending of the trapezoidal plate can 
be obtained 
                                       [𝐾]{𝛿} + [𝐾𝑛𝑜𝑛(𝛿)] = {𝐹}                      (4.28) 
where [K]  is the global nodal stiffness matrix, [Knon()] is the nonlinear 
item with respect to the nodal displacement vector and [F] is the nodal 
force vector (Singha & Daripa, 2007).                                   
4.5 Linear bending analysis  
In this section, bending behaviours of cantilevered functionally graded 
GPL reinforced trapezoidal plates are studied. A functionally graded GPL 
reinforced nanocomposite trapezoidal plate is shown in Figure 4.3 where a 
and b are the lengths of the parallel sides, h and t are the height and 
thickness of the plate, α and β denote the two angles at the base, 
respectively. P is the centre point of the top surface and L is the line 
connecting the midpoints A and B at the bottom surface. The bending of 
point P and von Mises stress along line L will be presented for parametric 
study. The dimensions of the trapezoidal plate as shown in Figure 4.3 are 
selected as a = 0.2 m, b = 1 m, h = 1 m and t = 0.2 m, respectively. GPLs 
and epoxy are chosen as the reinforcing fillers and polymer matrix, 
respectively, whose material properties are set as the same as those 
reported in  (Rafiee, Rafiee, Wang, et al., 2009; M. Song, Kitipornchai, et 
al., 2017), i.e. Em = 3.0 GPa, νm = 0.34, ρm = 1200 kg/m3, EGPL = 1010 GPa, 
νGPL = 0.186, ρGPL = 1060 kg/m3. The average length, width and thickness 
of the GPLs are lGPL = 2.5 µm, wGPL = 1.5 µm and tGPL = 1.5 nm, 
respectively. Unless otherwise stated, the plate dimensions and the material 
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properties as mentioned above are used for the parametric study. For 
bending analysis, a static pressure of 30 kN/m2 is imposed on the 
trapezoidal surface as shown in Figure 4.4a. The boundary condition for 
the trapezoidal plate is shown in Figure 4.4b, where C and F denote 
clamped and free constraints, respectively.   
 
Figure 4.3 Geometry of trapezoidal plate 
 
Figure 4.4 Pressure on trapezoidal plate and boundary condition 
Before validation and parametric study, the influences of element size on 
the static performances of trapezoidal plates are investigated, in which 
three element sizes, i.e. 0.01 m, 0.008 m and 0.005 m, are selected. Table 
4.1 compares the static deflections of point P and the natural frequency of 
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the trapezoidal plate reinforced by GPLs according to X-GPLRC by using 
different element sizes.  The average GPL weight fraction in the structure 
is W0 = 1 wt%. Apparently, using element size 0.01 m is accurate enough 
to obtain convergent results while it takes less computation time. The 
convergence can also be observed for the other distribution patterns. 
Therefore, element size 0.01 will be used for the subsequent analysis to 
increase calculation efficiency.  
Table 4.1 Effects of element size on convergence of FEM simulation (n = 
10, X-GPLRC) 
 Element size (m) λ 0.01 0.008 0.005 
Element number Ne 120640 245232 986480 
Static deflection (m) 
δ 1.811 × 10-
4 
1.810 × 10-
4 
1.809 × 10-
4 T (s) 89.20 1034.10 3733.90 
Note: λ, Ne and T denote the global element size, total number of elements 
and computation time.   
In addition to element size, the proposed functionally graded trapezoidal 
plate is consisting of a number of layers. It is necessary to investigate the 
effect of the number of layers on the static behaviours of the plates.  
Table 4.2 tabulates the static deflections of point P and the natural 
frequency of trapezoidal plates with different number of layers. As can be 
viewed, as the number of layers increases from 10 to 20 negligible 
variations are observed for the deflections. This indicates that using 10 
layers is accurate enough to obtain functionally graded plates with 
continuous variations in mechanical properties. Such convergence can also 
be found for other cases. Therefore, 10 layers will be utilized for the 
analysis in the following sections.  
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Table 4.2 Comparisons of static deflection of plates consisted of various 
layers (X-GPLRC)  
Number of layers n 10 12 14 20 
Static deflection  
(m) 
δ 1.811×10-4 1.807×10-4 1.809×10-4 1.803×10-4 
 
To validate the accuracy of present FEM simulation, the central deflection 
of homogeneous trapezoidal plates is compared with the results by Liew et 
al. (Liew & Han, 1998). The material properties are E = 206 GPa, ρ = 7800 
kg/m3 and 𝑣 = 0.3. The dimensions of the plate are a = 1 m, b = 0.7 m, h = 
1 m, t = 0.2 m. The plate is under a uniformly distributed load of 30000 
N/m2. The two surfaces in paralleled are clamped and all the other surface 
are free as shown in Figure 4.5a. Table 4.3 compares the central deflection 
of the plate obtained by present study with the work by Liew et al. (Liew 
& Han, 1998). A relative error of only 2.33% is found between the two 
results.  
 
Figure 4.5. Trapezoidal plates with different boundary conditions (a) CFCF; 
(b) CFFF 
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Table 4.3 Comparison of central deflection of a homogeneous CFCF 
trapezoidal plate 
 Present Ref (Liew & Han, 1998) 
Central deflection 
(m) 
7.8379×10-7 8.0252×10-7 
 
Figure 4.6 shows typical displacement and von Mises stress distributions 
of functionally graded trapezoidal plates (as shown in Figure 4.3b) under 
static pressure. The displacement gradually increases from the clamped end 
to the free end while the von Mises stress decreases from the clamped end 
to the free end as expected. The displacements of the point P of the plate 
with different GPL distribution patterns are listed in  
Table 4.4. Obviously, the plate with X-GPLRC has the smallest deflection, 
which is 22.2 % and 49.4 % less than these with U-GPLRC and O-GPLRC, 
respectively. This suggests that with the same concentration, GPL 
distribution pattern plays an essential role in static deflection. Dispersing 
more GPLs near the two in-plane surfaces is the most effective way to resist 
deflection.  
 
Figure 4.6 Contour graph of deflection and von Mises for trapezoidal plates 
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Table 4.4 Effect of GPL distribution on static deflection of point P of 
functionally graded GPL/epoxy trapezoidal plates (W0 = 1 %) 
Distribution pattern Deflection (m) 
U-GPLRC 2.33×10–4 
O-GPLRC 3.58×10–4 
X-GPLRC 1.81×10–4 
Figure 4.7 examines the distribution of von Mises stress from point A to 
point B along line L of functionally graded GPL/epoxy trapezoidal plates 
as shown in Figure 4.3b. Distribution of von Mises stress highly depends 
on prescribed GPL distribution patterns. X-GPLRC is found to have the 
maximum von Mises stress while O-GPLRC has the minimum value 
among the three distribution patterns as considered. As discussed 
previously, X-GPLRC is the one that has the minimum deflection. 
However, the distribution of von Mises stress indicates X-GPLRC has the 
maximum von Mises stress. Therefore, this pattern may have bigger chance 
inducing structural failure compared to the other two. Therefore, a balance 
between strength and stiffness needs to be considered when designing such 
functionally graded trapezoidal plate structures. 
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Figure 4.7 Effect of GPL distribution on von Mises stress distribution (W0 
= 1%) 
As seen from Figure 4.7 and Figure 4.8, maximum deflection and von 
Mises stress occurs at point P and B, respectively, regardless of the 
prescribed GPL distribution patterns. Therefore, points P and B are of great 
importance when considering the integrity of the plate structures when 
subjected to loading. Figure 4.8 plots the variations of dimensionless static 
deflection, δstatic/t, and von Mises stress with GPL weight fraction, where 
δstatic is the static deflection of point P under pressure loading. Seen from 
Figure 4.8a, the static deflection decreases with the increase of GPL weight 
fraction for all patterns as expected. In addition, the deflection is more 
sensitive to GPL weight fraction for trapezoidal plates with X-GPLRC. 
These phenomena can be attributed to the excellent reinforcing effects of 
GPL and X-GPLRC. Figure 4.8b shows that the distribution of von Mises 
stress at point B highly depends on prescribed GPL distribution patterns, 
which is similar to the observations in Figure 4.7. For example, the von 
Mises stress for U-GPLRC is a constant regardless of GPL weight fraction. 
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In contrast, this stress increases as GPL weight fraction increases for X-
GPLRC while it decreases for O-GPLRC. 
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Figure 4.8 Effect of GPL weight fraction on static bending of functionally 
graded GPL/epoxy trapezoidal plates (W0 = 1 %) (a) Dimensionless 
deflection (Point P); (b) von Mises stress (Point B) 
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The effects of GPL dimension on static deflection of point P and von Mises 
stress at point B are demonstrated in Figure 4.9. The length of the GPL is 
kept as a constant and the width and thickness vary accordingly. This figure 
shows the dimensionless deflection/von Mises stress decreases/increases 
significantly when the GPL length-to-thickness ratio lGPL/tGPL < 1000. As 
the length-to-thickness ratio further increases, the deflection and stress 
decreases/increases slightly and tends to be convergent as a constant. 
Moreover, the deflection and stress are found to increase/decrease as the 
GPL length-to-width ratio lGPL/wGPL increases. Since the length of GPL is 
fixed, larger length-to-thickness ratio corresponds to fewer layer in the 
GPLs while smaller length-to-width ratio represents a larger surface area 
of GPLs. Then the above phenomena suggest that GPLs with fewer 
graphene layers and larger surface area have better reinforcing effects on 
decreasing deflection compared to their counterparts. However, such GPLs 
also induce bigger von Mises stress in the structures. 
Figure 4.10 investigates the effects of plate geometry on the deflection of 
point P and von Mises stress at point B. The height h of trapezoidal plate 
is shortened to a half as 0.5 m while the volume and thickness of the 
trapezoidal plate are fixed same as previous analysis. The angles  and  
as shown in Figure 4.3a vary from 30° to 90°, hence the lengths a and b 
change accordingly. Seen from Figure 4.10a, the dimensionless deflection 
increases with the increase of either of the two angles. This suggests that 
decreasing the two angles  and  will increase the stiffness of the 
trapezoidal plate. This can be explained by the fact that the decrease of 
either of the two angles will increase length a, resulting in larger clamped 
surface and increased stiffness of the plate. Different from dimensionless 
deflection, the increase of angle  results in increased von Mises stress. 
However, different from deflection, the increase of angle  always 
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increases the von Mises stress when  = 45°, 60°. However, when   = 30° 
the von Mises stress increases with the increase of  and then drops as  
further increases.  
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Figure 4.9 Effect of GPL dimension on static bending of functionally 
graded GPL/epoxy trapezoidal plates (W0 = 1 %, X-GPLRC) (a) 
Dimensionless deflection (Point P); (b) von Mises stress (Point B) 
 84 
 
30 45 60 75 90
0.90
0.95
1.00
1.05
1.10
1.15
1.20
D
is
p
la
ce
m
en
t 
d
ef
le
ct
io
n
 (
×
1
0
-4
)
 (°)
  = 0°
  = °
  = 0°
(a)
30 45 60 75 90
0.64
0.66
0.68
0.70
0.72
0.74
0.76
v
o
n
 M
is
es
 s
tr
es
s 
(M
P
a)
 (°)
  = 0°
  = °
  = 0°
(b)
 
（a）                                                            (b) 
Figure 4.10 Effect of plate geometry on static bending of functionally 
graded GPL/epoxy trapezoidal plates (W0 = 1 %, X-GPLRC) (a) Static 
deflection (Point P); (b) von Mises stress (Point B) 
4.6 Nonlinear bending analysis  
In this section, the nonlinear bending behaviours of functionally graded 
trapezoidal GPL/epoxy nanocomposite plates are comprehensively studied. 
Figure 4.11 shows a functionally graded GPL reinforced composite (FG-
GPLRC) trapezoidal plate with the lengths of paralleled sides being a and 
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b, respectively. h and t denote the height and thickness, respectively, while 
β and  represent the two bottom angles of the plate, respectively. Point p 
in Figure 4.11b, which is located at 0.416h away from the bottom side, is 
the centroid of the middle plane of the trapezoidal plate.    
 
Figure 4.11 Geometry of trapezoidal plate 
GPL and epoxy are selected as reinforcing filler and the matrix, 
respectively. Their mechanical properties are set as Em = 3.0 GPa, vm = 
0.34, ρm  = 1200 kg·m−3, αm = 8.2 ×10 −5 K−1,  EGPL  = 1010 GPa, vGPL  = 
0.186, ρGPL  = 1060 kg·m−3, αGPL = 2.35 ×10−5 K–1 (M. Song, Kitipornchai, 
et al., 2017; B. Yang et al., 2016). The length, width and thickness of GPL 
are lGPL = 2.5 µm, width wGPL = 1.5 µm and tGPL = 1.5 nm, respectively 
(Rafiee, Rafiee, Wang, et al., 2009). The dimension of trapezoidal plates, 
a, b, h and t, are set as 1.5 m, 0.5 m, 0.867 m and 0.1 m, respectively 
(Shufrin et al., 2010). Unless stated otherwise, the above material 
parameters and plate geometry are used for the following parametric study. 
A uniform pressure q up to 20 MPa is applied on top surface of the 
trapezoidal plate as shown in Figure 4.12a. The two parallel sides are 
simply-supported (denoted by S) while the remaining two sides are free.   
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Figure 4.12 Boundary conditions and contour graph of deflection for 
trapezoidal plates 
To validate the present FEM simulation, the dimensionless deflection of an 
isotropic trapezoidal plate at point (a/2, 0.416h) is compared with the 
results by Shufrin et al. (Shufrin et al., 2010). The material properties are 
E = 206 GPa, ρ = 7800 kg·m−3 and 𝑣  = 0.3. Table 4.5 tabulates the 
comparisons between the present results and the ones by Shufrin. The 
maximum difference between the two results is less than 1.8%. 
 Table 4.5 Comparison of the dimensionless deflection w/t of trapezoidal 
plates (Q = 16qh4/9Et4). 
Q=  5 10 50 100 200 
w/t= 
Present  0.0431 0.0860 0.3957 0.6794 1.0454 
Reference 
(Shufrin et al., 
2010)  
0.0422 0.0842 0.3906 0.6774 1.0516 
Difference % 1.7099 1.7396 0.8076 0.2144 −1.1190 
Note: w and Q denote the dimensionless deflection and load, respectively.  
The effect of element size on the nonlinear bending performance of FGM 
GPL/epoxy trapezoidal plates with pattern X-GPLRC is studied.  The 
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average graphene loading is W0 = 1 wt%. The results by using three 
different mesh sizes are compared in Table 4.6. In case 1, the model is 
directly meshed with mesh size 0.01. Case 2 has the same mesh size while 
the number of nodes is doubled in thickness direction for case 2. Element 
size 0.05 is used for meshing in case 3. Considering the balance of 
convergence and computation time, case 1 with element size being 0.01 
will be adopted for FEM analysis in this work thereafter. 
Table 4.6 Effect of element size on dimensionless deflection w/t at point p 
(X-GPLRC). 
Cas
e 
Ne T (s) 
Q=4qh2/Emt
2 
0.025 0.05 0.1 0.2 0.4 0.6 0.8 1 
1 92150 
6723.
1 
0.013
0 
0.026
0 
0.051
8 
0.101
6 
0.191
0 
0.266
0 
0.329
2 
0.383
4 
2 
18430
0 
37273 
0.013
0 
0.025
9 
0.051
5 
0.101
1 
0.190
2 
0.265
1 
0.328
2 
0.382
4 
3 
75222
0 
41441
2 
0.013
0 
0.025
9 
0.051
5 
0.101
1 
0.190
2 
0.265
1 
0.328
2 
0.382
5 
Note:  Ne and T denote the total number of elements and computation time, 
respectively.   
Table 4.7 lists the nonlinear deflections at point p of trapezoidal plates with 
different GPL distribution patterns. The out-of-plane uniformly distributed 
pressure q ranges from 0 to 10 MPa. As observed from this table, 
trapezoidal plates with 1 wt% GPLs have much lower nonlinear deflection 
compared with that of pristine epoxy plates. Functionally graded plates 
with X-GPLRC distribution pattern have the minimum deflection among 
all the ones considered. This suggests apart from GPL concentration, the 
distribution of GPL in the thickness direction plays an important role for 
the plates’ nonlinear bending performance. Distributing more GPLs close 
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to the top and bottom surface of the trapezoidal plates is the most 
favourable way for reinforcement.  
Table 4.7 Effect of GPL distribution on dimensionless nonlinear deflection 
of FG-GPLRC trapezoidal plates. 
Q=4qh2/Emt2 Epoxy U-GPLRC O-GPLRC X-GPLRC 
w/t 
0 0 0 0 0 
0.1 0.2458 0.0671 0.1006 0.0518 
0.2 0.3928 0.1291 0.1809 0.1016 
0.3 0.4951 0.1838 0.2430 0.1481 
0.4 0.5750 0.2316 0.2931 0.1910 
0.5 0.6415 0.2735 0.3351 0.2302 
0.6 0.6992 0.3107 0.3715 0.2660 
0.7 0.7504 0.3442 0.4037 0.2989 
0.8 0.7967 0.3745 0.4327 0.3292 
0.9 0.8392 0.4023 0.4591 0.3573 
1.0 0.8786 0.4281 0.4834 0.3834 
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Figure 4.13 Effect of GPL weight fraction on dimensionless nonlinear 
deflection of FG-GPLRC trapezoidal plates (W0 = 1 wt%, X-GPLRC) 
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Under the pressure loading, Figure 4.14 plots the variation of the nonlinear 
deflection at point p of the FG GPL/epoxy trapezoidal plates with different 
average GPL weight fractions. As expected, the nonlinear deflection 
decreases as the GPLs weight fraction increases. As the GPL concentration 
increases, the nonlinear effects become less significant with the increase of 
the pressure loading.   
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Figure 4.14 Effect of GPL length-to-thickness ratio on dimensionless 
nonlinear deflection of FG-GPLRC trapezoidal plates (W0 = 1 wt%, X-
GPLRC, lGPL/wGPL=1) 
The effects of GPL geometry, i.e. length-to-thickness ratio lGPL/tGPL and 
length-to-width ratio wGPL/tGPL, are examined in Figure 4.14 and Figure 
4.15, respectively. In Figure 4.14, the length and width of the GPL are kept 
as a constant, i.e. lGPL = 2.5 µm and wGPL = 1.5 µm, while the thickness of 
GPL varies. As can be seen, the nonlinear deflection decreases as the 
length-to-thickness ratio increases. Moreover, the nonlinear deflection 
becomes less sensitive when the length-to-thickness ratio further increases. 
In Figure 4.15, the length and thickness of GPL are fixed, i.e. lGPL = 2.5 µm 
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and tGPL = 1.5 nm, while the width of GPL changes. With the increase of 
the length-to-width ratio, the nonlinear deflection increases. The 
phenomena observed in these two figures indicate that GPLs with fewer 
layers and larger size are better reinforcing fillers than their counterparts 
with more graphene layers and smaller size. This is attributed to the fact 
that larger sized GPL with few layers corresponds to larger surface area, 
which results in better interaction between GPL fillers and the polymer 
matrix. 
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Figure 4.15 Effect of GPL length-to-width ratio on dimensionless 
nonlinear deflection of FG-GPLRC trapezoidal plates (W0 =1 wt%, X-
GPLRC, lGPL/tGPL=1000) 
Figure 4.16 investigates the influence of plate geometry on the nonlinear 
bending of functionally graded GPL/epoxy trapezoidal plates, in which the 
two bottom angles vary within certain ranges, i.e. 45° ≤ β ≤ 60° and 45° ≤ 
 ≤ 90°, respectively. The thickness, height and volume of the trapezoidal 
plate are fixed while the lengths a and b change accordingly with the 
variations of the two bottom angles. Seen from this figure, the increase of 
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either of the two bottom angles will decrease the nonlinear deflection of 
the functionally graded GPL/epoxy trapezoidal plates. However, when the 
bottom angle  is larger than 75, the variation of the bottom angles has 
limited effects on the nonlinear deflection.   
The effect of GPL distribution patterns on nonlinear bending deflection of 
GPL/epoxy trapezoidal plates subjected to thermomechanical loading is 
demonstrated in Figure 4.17, in which the temperature increases linearly. 
△T and △t are the total and incremental temperature changes, respectively. 
Two temperature changes are considered, i.e. △T = 0 and 50 K. Particularly, 
△T = 0 corresponds to the mechanical loading only. As expected, the 
epoxy trapezoidal plates have the largest deflection compared to 
GPL/epoxy plates. Among the three distribution patterns considered, 
trapezoidal plates with X-GPLRC pattern has the minimum deflection 
while the O-GPLRC has the largest value. Moreover, it is also found from 
Table 4.8 that the trapezoidal plates with O-GPLRC pattern are more 
sensitive to the temperature change. For example, subjected to the same 
mechanical loading, when the temperature increased by 5 K, i.e. △t/△T = 
0.1, the deflection of O-GPLRC plates increased by 5.3% while the 
deflections of U-GPLRC and X-GPLRC plates increase by 3.8% and 2.8%, 
respectively.  
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Figure 4.16 Effect of plate geometry on dimensionless nonlinear deflection 
of FG-GPLRC trapezoidal plates (W0 =1 wt%, X-GPLRC) 
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Figure 4.17 Effects of GPL distribution pattern on dimensionless nonlinear 
deflection of FG-GPLRC trapezoidal plates subjected to thermo-
mechanical loading. 
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Table 4.8 Dimensionless nonlinear deflection of thermo-mechanically 
loaded FG-GPLRC trapezoidal plates (W0 = 1 wt%). 
△t/△T & 4qh2/Emt2 Epoxy U-GPLRC O-GPLRC X-GPLRC 
w/t 
0 0 0 0 0 
0.1 0.2519 0.0697 0.106 0.0533 
0.2 0.4053 0.1381 0.1961 0.1073 
0.3 0.5127 0.2008 0.2672 0.1600 
0.4 0.5971 0.2565 0.3251 0.2097 
0.5 0.6678 0.3060 0.3741 0.2561 
0.6 0.7293 0.3501 0.4168 0.2988 
0.7 0.7842 0.3900 0.4549 0.3384 
0.8 0.8340 0.4264 0.4895 0.3750 
0.9 0.8798 0.4599 0.5213 0.4091 
1.0 0.9224 0.4911 0.5508 0.4409 
 
Figure 4.18 displays the influence of the temperature change on the 
nonlinear deflection at point p of the functionally graded GPL/epoxy 
trapezoidal plates. The out-of-plane pressure q linearly increases from 0 to 
10 MPa while the whole plate is subjected to a linear temperature increase 
of 0 K, 25 K, 50 K, 75 K and 100 K, respectively. With the same 
mechanical loading, plates subjected to higher temperature increase have 
larger bending deflections as observed. Compared with the bending 
deflection under mechanical loading only, thermal loading contributes to 
the increase of the nonlinear deflection by 18.1% at maximum when the 
temperature increases by 100 K. 
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Figure 4.18 Dimensionless nonlinear deflection of FG-GPLRC trapezoidal 
plates subjected to thermo-mechanical loading (W0 =1 wt%, X-GPLRC) 
4.7 Conclusions 
In this chapter, the linear and nonlinear bending behaviours of functionally 
graded GPL/epoxy trapezoidal plates are comprehensively investigated in 
this chapter by employing FEM simulation. Three different GPL 
distribution patterns are considered. The effects of the concentration, size 
and distribution of GPL, plate geometry and thermo-mechanical loading 
on the bending performance of the plates are examined. Simulation results 
show plates with higher GPL weight fraction and more GPLs dispersing 
near the top and bottom surfaces of the plates possess better linear and 
nonlinear bending performances. GPLs with fewer layers and larger size 
have superior reinforcing efficiency. However, this reinforcing efficiency 
degrades when the length-to-thickness ratio is bigger than 1000. It is 
observed the static deflection can be reduced by increasing either of the 
two bottom angles of the trapezoidal plates. Thermal loading deteriorates 
the nonlinear bending performances, especially for O-GPLRC pattern.  
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Chapter 5  
Experimentally realization of functionally 
graded nanocomposite reinforced with graphene 
nanoplatelets (GPLs) 
Functionally graded materials (FGM) and their structure are a promising 
candidate to improve the reinforcing efficiency of graphene fillers. However, due 
to the lack of reliable and suitable processing techniques, the fabrication of 
graphene based functionally graded nanocomposites and structures have not been 
experimentally realized so far. In this chapter, a widely applicable constructive 
fabrication technique is developed for functionally graded nanocomposites with 
pristine liquid phase matrixes. And layer-wised functionally graded GPLs/epoxy 
nanocomposites are the first time experimentally realized. Three different 
technical routes to disperse GPLs into epoxy are examined. Tensile and three-
point bending test are conducted to invested the mechanical performance of 
specimens. Experiments results are also used to conduct finite element simulation 
to further investigate the tensile and bending process of specimens.     
5.1 Introduction  
After being consistently predicted (Horiuchi et al., 2004) and first physically 
discovered in 2004 (Novoselov et al., 2004), graphene has been continuously 
attracting researchers attention due to its unique two dimensional structure and 
extraordinary electrical and mechanical properties. Numerous efforts have been 
done to incorporate graphene in polymers. Graphene reinforced nanocomposites 
with matrixes, i.e. poly (methyl methacrylate) (PMMA) (K. Pramoda, H. Hussain, 
H. Koh, H. Tan, & C. He, 2010), polypropylene (P. Song et al., 2011), polystyrene 
(Sasha Stankovich et al., 2006) and epoxy resins (Zaman et al., 2011), have been 
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successfully developed and fabricated. Notably, in most cases, functionalized 
graphene is utilized to prevent the aggregation of pristine graphene and strengthen 
the interface between graphene and polymer matrixes. To achieve better 
reinforcing efficiency, researchers further attempted to align graphene platelets 
(Ansari, Kelarakis, Estevez, & Giannelis, 2010) instead of utilizing nanofillers in 
a random orientation. Nanocomposites with oriented array nanofillers possessed 
obviously improved storage modulus, tensile modulus and strength (Ansari et al., 
2010; Yousefi et al., 2013). Employing large area graphene films is an alternative 
way to further improve the reinforcing effect of graphene. Experiments results 
showed the laminated nanocomposites fabricated (B. Wang et al., 2018), rather 
than isotropic nanocomposites, showed an enhancement of mechanical 
performance by more than 70% at 0.085 wt% nanofiller loading.  
Functionally graded materials (FGM) have been systematically studied and 
widely utilized in industry. These materials are purposefully designed and 
optimized to maximize the utility of each constituent material, which makes 
functionally graded structure become another promising candidature to further 
improve the reinforced efficiency of graphene. Yang and his co-workers (M. 
Song, Kitipornchai, et al., 2017; Zhao et al., 2017) have theoretically verified that 
a stacked multilayer (layer-wise) structure is accuracy enough to realize 
functionally graded graphene-based nanocomposites in which the content of 
graphene, theoretically, should be continuously variable. They predicted that by 
distributing more graphene nanofillers nearby the outer surface, functionally 
graded graphene-based nanocomposites possessed better bending (Chuang Feng, 
Sritawat Kitipornchai, et al., 2017; Zhao et al., 2017) and buckling (M. Song, 
Yang, Kitipornchai, et al., 2017; Y. Wang et al., 2018) performance and vibration 
resistance (Chuang Feng, Sritawat Kitipornchai, et al., 2017; M. Song, 
Kitipornchai, et al., 2017). Shen and his co-workers calculated out that in thermal 
environment, the buckling (Shen, Xiang, Lin, et al., 2017) and vibration(Shen, 
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Xiang, et al., 2017b) performance of graphene reinforced composites could be 
improved by the purposeful layer-wised distribution of graphene. Sahmani 
(Sahmani & Aghdam, 2017a) compared the nonlinear instability of functionally 
graded graphene-based nanoshells with different graphene distributions and 
concluded graphene distribution played an essential role in the mechanical 
behaviours of nanocomposites.        
To fabricate functionally graded nanocomposites, it is not only to realize the 
graded structure, but also need to ensure the homogeneous dispersion of 
nanofillers and prevent their natural aggregation. As for solid-phase pristine 
matrix, i.e. metallic matrix, ceramic matrix, thermoplastic matrix and solid-phase 
thermosetting matrix, based functionally graded nanocomposites, they have been 
experimentally realized by employing traditional powder-based constructive 
processing, assisted with proper pre-treatment techniques. Estili et al. (Estili & 
Kawasaki, 2008; Estili, Takagi, & Kawasaki, 2008) employed sonication together 
with chemical treatment successfully producing alumina-decorated multiwall 
carbon nanotubes (MWCNTs). Through spark plasma sintering, they 
consolidated predesigned multilayered alumina-decorated MWCNTs and pure 
alumina powder into carbon nanotube (CNT) based functionally graded ceramic 
materials. Kwon et al. (2011) chose ball-milling to reduce the MWCNT 
aggregation while homogeneously mixing MWCNTs and aluminium (Al) 
powder. They consecutively layered MWCNTs and Al powder mixture which 
sequentially will be consolidated into bulk nanomaterials by hot-press through 
powder metallurgy. Following similar process, premixed graphite and phenolic 
powder by ball-mill were stacked and hot pressed to make functionally graded 
graphite/phenolic nanocomposites (Bafekrpour et al., 2012). Similarly, assisted 
with ball-mill to mix CNTs and Al powder, functionally graded CNTs/ 
aluminium alloy nanomaterials (D. Kim et al., 2019) were successfully fabricated 
through powder extrusion process.  
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Regarding to functionally graded nanocomposites with pristine liquid phase 
matrix, like epoxy, limited experimental attempts have been reported due to lack 
of reliable and widely suitable processing techniques. Wang et al. (2014) utilized 
aminosilane modified MWCNTs and silanized nano-TiO2, which were more 
easily dispersed and rarely aggregate than their pristine counterparts, to make 
MWCNTs and nano-TiO2 based, respectively, functionally graded epoxy 
nanocomposites by centrifuging the epoxy mixtures during their curing process. 
However, due to the working principle of centrifugation, specimens are limited 
to a cylindrical shape and only one typical gradient pattern can be obtained. Nardi 
et al. (2015) fabricated functionally graded epoxy nanocomposites shell whose 
nanoparticles were mainly located in the shell surface by placing the suspension 
of TiO2 coated Fe3O4 nanoparticles in a magnetic field. But this process cannot be 
applied to all nanoparticles account for the fundamental premise that nanofillers 
must be magnetically manipulated. Attempts had also be done to incorporate 
nanofillers into laminates by firstly mixing nanoclay into epoxy matrix and then 
through hand lay-up process sequentially spreading the mixtures onto each 
chopped fibre glass layers (Megahed & Megahed, 2017). However, except the 
hardness, specimens showed no obvious improvement on their mechanical 
properties resulting from the agglomeration of nanoclay and the uncontrollable 
amount and flow of nanoclay enriched epoxy inside and between the fibre mats. 
5.2 Rheological behaviour of epoxy and nanocomposites   
The rheological behaviours of epoxy and nanocomposites are investigated by 
utilizing a hybrid rheometer (Discovery HR-3, TA Instrument) with 40 mm 
parallel plates following ASTM 4473. The gap and test frequency are set to be 
1mm and 10 Hz, respectively. Pristine liquid epoxy (WestSystem-105), slow-
curing agent (WestSystem-206) and graphene nano-platelets (GPL) (XGScinces 
M-25) are used in this test. Epoxy and hardener, in mixing weight ratio 5 : 1, are 
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blended for 3 minutes. Similarly, following the same mixing ratio, hardener is 
mixed with epoxy and graphene mixture for 3 minutes. 
Observed from Figure 5.1, the complex viscosity of pure epoxy keeps constantly 
around 0.73 Pa.s. However, the complex viscosities of epoxy and nanocomposites 
vary markedly during their curing process. Their complex viscosities vary 
similarly which gradually rise from around 2 Pa.s to 7 Pa.s, then following with 
a rapid increase period when the viscosity doubles within 1000s, indicating the 
material turning from viscous liquid to elastic solid. A similar phenomenon can 
be found on the variation of loss modulus during epoxy crosslink process, as 
shown in Figure 5.2.  Notably, the initial complex viscosity and loss modulus of 
nanocomposites and that afterwards during the curing process is slightly lower 
than that of epoxy. This results from the excellent thermal conductivity of GPLs 
as the epoxy crosslink process is highly sensitive to the surrounding temperature. 
Assisted with GPLs, heat generated during the curing process can rapidly 
propagate and spread, hence degrading local temperature inside and reducing the 
crosslinking speed.   
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Figure 5.1 Complex viscosity variation of pure epoxy and its nanocomposites 
along time during curing process 
0 1000 2000 3000 4000
0
200
400
600
800
1000
L
o
ss
 m
o
d
u
lu
s 
(P
a)
Step time (s)
 Pure epoxy
 Epoxy & hardener
 Nanocomposites (0.5 wt% GPLs)
 
Figure 5.2 Loss modulus variation of pure epoxy and its nanocomposites along 
time during the curing process 
5.3 Isotropic GPL reinforced nanocomposites  
Commercially available Graphene nano-platelets (‘M-25’) are sourced from 
XGScinces, with an average diameter of 25 µm and typical surface area between 
120 and 150 m2/g. Pristine liquid epoxy (‘105’), obtained from West System, 
Australia, is used in present research. Slow-curing agent (WestSystem-206) is 
chosen to give longer operation time, mixed with WestSystem-105 epoxy at 
weight ratio of 1 : 5. 
5.3.1 The dispersion of graphene nanoplatelets  
To find a proper sonication time, a Shimadzu UV-1800 UV-Vis 
photospectrometer is employed to qualitatively character the dispersion status of 
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GPLs in ethanol by comparing their absorbance of ultra violet (UV). 1.3g GPLs 
are first mixed into 100g ethanol by manually stirring for 2 mins. Then the GPL 
suspension is then continuously sonicated by a Vibra-cell VCX 500 ultrasonicator. 
Every 10 minutes, 100 µl suspension is transferred into a test tube and diluted 
with ethanol to 3 ml.   
Figure 5.3 qualitatively compares the UV absorbance of GPL suspension under 
different sonication period. An absorbance peak is found at approximately 220 
nm wavelength. As the sonication time increasing to 30 mins, an obvious higher 
absorbance peak is observed, while there is no significant variation displayed 
along with the suspension sonicating from 30 mins to 70 mins. Therefore, 
continuously ultrasonication for 30 mins is sufficient to obtain well dispersed 
GPL suspensions.   
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Figure 5.3 UV absorbance of GPL suspension along sonication time  
5.3.2 Fabrication of GPL reinforced nanocomposites  
Sonication and mechanical stirring are two of the most commonly employed 
techniques to disperse nanofillers into epoxy. Solution mixing and in situ 
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polymerization have been widely utilized to fabricate polymer-based 
nanocomposites. In present research, as pristine GPLs, without functionalization, 
are employed, different fabrication routes are examined.   
Figure 5.4 diagrams a single-step sonication assisted fabrication route. In 
particular, a designed quantity of GPLs (0.5 wt%, 1 wt% respectively) is 
dispersed into epoxy by SpeedMixer (DAC 150.1 FVZ-K, FlackTek) at a speed 
of 2000 rpm for 3 mins. The compound is then sonicated with a Vibra-Cell 
processor (VCX 750, SONIC) at 75% amplitude for 30 mins (50s ON, 10s off) 
in ice bath while incessantly stirred by a magnetic stirrer (2mag MIX 1) at 150 
rpm. Afterwards, the corresponding amount of hardener is added to the compound 
by SpeedMixer at 2000 rpm for 1.5 mins. Finally, mixtures are casted into mould 
and then curing for two days.   
 
Figure 5.4 Schematic diagram of single-step sonication assisted graphene 
reinforced nanocomposites fabrication route   
In Figure 5.5, a two-step sonication assisted graphene reinforced nanocomposites 
fabrication route is briefly illustrated. GPLs ( 2 wt% or as needed) are dispersed 
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into epoxy by SpeedMixer (DAC 150.1 FVZ-K, FlackTek) at a speed of 2000 
rpm for 3 mins. The compound is then sonicated with a Vibra-Cell processor 
(VCX 750, SONIC) at 75% amplitude for 30 mins (50s ON, 10s off) in ice bath 
while incessantly stirred by a magnetic stirrer (2mag MIX 1) at 150 rpm. 
Afterwards, as needed, the GPLs concentration of a certain amount of compound 
is diluted to the required level with epoxy. Another 10 mins sonication by a Vibra-
Cell processor (VCX 750, SONIC) is, subsequently, imposed on the diluted 
compound. Then, corresponding amount of hardener is added to the compound 
by SpeedMixer at 2000 rpm for 1.5 mins. Finally, mixtures are casted into mould 
and then curing for two days.   
 
Figure 5.5 Schematic diagram of two-step sonication assisted graphene 
reinforced nanocomposites fabrication route   
A solution mixing technique to fabricate GPLs & Epoxy nanocomposites is 
exhibited in Figure 5.6. GPLs are first dispersed into ethanol at weight ratio 3 : 
100 by manually stirring for 2 mins and then undergoing sonication for 30 mins 
in water bath by a Vibra-cell VCX 500 ultrasonicator. Afterwards, epoxy is added 
into suspensions, mixed by SpeedMixer (DAC 150.1 FVZ-K, FlackTek) ) at a 
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speed of 2000 rpm for 3 mins and then sonicated for another 15 mins (50s ON, 
10s off) by a Vibra-Cell processor (VCX 750, SONIC) at 75% amplitude in ice 
bath. Ethanal is then removed by a rotary evaporator (45◦, 150 mbar, 50 rmp) for 
24 hours. After solvent being removed, hardener will be added to the mixture. 
Finally, the mixture is casted into moulds and then curing for two days.  
 
Figure 5.6 Schematic diagram of solution mixing graphene reinforced 
nanocomposites fabrication route   
5.3.3 Mechanical performance of isotropic graphene reinforced 
nanocomposites 
To examine the mechanical performance of specimens fabricated through 
different manufacturing route, tensile tests are conducted on an Instron 5969 
universal testing system, at room temperature, based on ASTM D-638. 
Specimens are dumbbell-shaped with an overall dimension of 19 mm width, 165 
mm length and 6 mm thickness, whereas the width of the narrow section is 
reduced to 13 mm and the length to be 57 mm. Tensile tests are performed at a 
speed of 5 mm/min. For each test, at least 5 specimens and repeated. 
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To investigate the influence of sonication on the mechanical performance of 
GPL/epoxy nanocomposites, specimens made following single-step fabrication 
route and specimens made following the same route but without sonication are 
tested and compared. As observed in Figure 5.7, specimens made following 
single-step fabrication route possess significantly higher tensile performance, like 
elastic modulus, tensile strength and maximum elongation, than the ones made 
without sonication. This phenomenon reveals the essential role of sonication on 
the manufacturing process as sonication is one the most effective way to exfoliate 
graphene and prevent GPL aggregation. Specimens without sonication consist of 
higher aggregated and relatively worse dispersed GPLs (L. C. Tang et al., 2013), 
herein resulting in more defects and lower contact area between GPLs and epoxy, 
therefore, lower tensile performance.  
0 1 2 3
0
10
20
30
40
50
 Nanocomposites (0.5 wt% GPLs) 
      with sonication
S
tr
es
s 
(M
p
a)
Strain (%)
 Nanocomposites (0.5 wt% GPLs) 
      without sonication
 
Figure 5.7 Representative stress-strain curve of specimens fabricated with 
sonication or without sonication 
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To achieve better dispersion of GPLs, two-step sonication assisted fabrication 
route, as diagrammed in Figure 5.5, is also employed and investigated. Two GPL 
and epoxy compounds with original GPLs load of 1 wt% and 2 wt% are prepared 
and then both diluted with epoxy to compound with 0.5 wt% GPLs.  Figure 5.8 
compares the elastic modulus of nanocomposite with 0.5 wt% GPLs made 
through different fabrication route. Specimens fabricated through two-step route 
clearly exhibit higher elastic modulus than that fabricated through single-step 
route. Specifically, elastic modulus increases from 2.96 GPa to 3.10 GPa. 
However, there is no obvious difference on elastic modulus by diluting GPL 
concentration from 1 wt% to 0.5 wt% or from 2 wt% to 0.5% wt% during the 
fabrication process. 
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Figure 5.8 Elastic modulus of nanocomposite with 0.5 wt% GPLs made through 
different fabrication route 
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Regarding tensile strength, diluting higher GPL loading compound to lower GPL 
concentration compound can, to some extent, benefits the mechanical 
performance of nanocomposite, as displayed in Figure 5.9. The tensile strength 
of specimens made by two-step route are improved to, averagely, 48.9 MPa, 
contrast to 44.6 MPa of specimens by single step route.     
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Figure 5.9 Tensile strength of nanocomposite with 0.5 wt% GPLs made through 
different fabrication route 
Account for the relatively large standard deviation, there is no significant 
improvement on the elongation of specimens by employing two-step fabrication 
route, as displayed in Figure 5.10.  
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Figure 5.10 Elongation at break of nanocomposite with 0.5 wt% GPLs made 
through different fabrication route 
Specimens made by solution mixing and two-step sonication assisted fabrication 
technique, respectively, are compared. Shown in Figure 5.11, specimens 
fabricated by solution mixing technique possess an elastic modulus of 2.94 GPa, 
lower than 3.11 GPa of specimens made by two-step sonication assisted 
fabrication route. This phenomenon agrees with literature (L. C. Tang et al., 2013; 
J. Wei et al., 2015) as the residual ethanal degrade the mechanical performance 
of nanocomposites.   
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Figure 5.11 Elastic modulus of nanocomposite with 0.5 wt% GPLs made through 
different fabrication route: solution mixing and two-step sonication assisted 
fabrication route 
Influence of GPL concentration on the elastic modulus of GPL/epoxy 
nanocomposites made through two-step sonication assisted route is studied in 
Figure 5.12. The elastic modulus gradually increases along with the raising of 
GPL concentration, which enhances from originally 2.84 GPa to maximumly 3.77 
GPa. This is caused by the essential contribution of GPLs as the outstanding 
mechanical performance of GPLs benefits the integrated performance of 
nanocomposites.     
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Figure 5.12 Elastic modulus of GPL/epoxy nanocomposites made through two-
step sonication assisted route with various GPL concentration  
5.4 Functionally graded graphene reinforced nanocomposites  
A novel constructive technique, detailed in the experimental section, to fabricate 
functionally graded nanocomposites with pristine liquid phase matrixes is 
proposed and developed, which essentially utilizes the natural viscosity variation 
of liquid thermosetting polymer matrix while they are changing from liquid phase 
to solid phase during curing process. And through present novel constructive 
technique, it is the first time that the graphene based functionally graded 
nanocomposite is experimentally realized.  
5.4.1 Preparation of pristine liquid phase matrixes based functionally graded 
nanocomposites  
The rheological behaviours, especially the complex viscosity, of epoxy and 
nanocomposites vary markedly during their curing process. As the viscosity of 
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matrix reaches 10 Pa.s, extra epoxy or nanocomposite, with viscosity less than 4 
Pa.s, can quickly and evenly spread onto current matrix while successfully 
preventing them from blend, as exhibited in Figure 5.13a . Notably, as the current 
matrixes still undergo curing process, extra epoxy or nanocomposites can be 
chemically bonded with them. This phenomenon makes it possible to fabricate 
layer-wised functionally graded nanocomposites with pristine liquid phase 
matrixes, verified in Figure 5.13b. 
 
Figure 5.13 Prototype of layer-wised nanocomposites based on epoxy rheological 
variation a) Clear interface between pure epoxy and GPL compound b) A four-
layered prototype 
The fabrication process of pristine liquid phase matrixes based functionally 
graded nanocomposites is divided into two distinct steps: preparing nanofiller and 
liquid matrix mixture through proper dispersing and mixing techniques and 
sequentially casting liquid mixture into layered moulds based on predesigned 
graded structure. In present research, pristine graphene nanoplatelets (GPLs) are 
chosen as the nanofillers and liquid epoxy is employed as the matrix. In detail, 
firstly, a pre-set quantity of GPLs is dispersed into epoxy by a SpeedMixer (DAC 
150.1 FVZ-K, FlackTek) at a speed of 2000 rpm for 3 mins. The mixtures are 
then sonicated with a Vibra-Cell processor (VCX 750, SONIC) at 80% amplitude 
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for 30 mins (50s ON, 10s off) in ice bath while being incessantly stirred by a 
magnetic stirrer (2mag MIX 1) at 250 rpm. Afterwards, as needed, the GPLs 
concentration of the compound is diluted to the desired level with epoxy, 
following with another 10 mins sonication. At the end of the first step, hardener 
is added into mixtures by SpeedMixer at 2000 rpm for 90s. The functionally 
graded GPLs/epoxy nanocomposites, in present research, designedly consists of 
six layers as shown in Figure 5.14, in which each layer has equal thickness of 1 
mm. The GPLs loading of six layers are, in a symmetric way, 1 wt%, 0.5 wt%, 0 
wt%, 0 wt%, 0.5 wt%, 1 wt%, respectively. As predesigned, in the second step, 
nanocomposites with 1 wt% GPLs are cast into a single layer 1mm-thick mould 
placed on a horizontal base. Emphatically, nanocomposites must be at the same 
level as the top of the mould where no redundant liquid mixtures are left. 
Sequentially, mount the mould for the second layer when the viscosity of the first-
layer nanocomposites rises to around 10 Pa.s and then rapidly spread 
nanocomposites with 0.5 wt% GPLs, whose viscosity should not excess 4 Pa.s, 
into the mould. Likewise, nanocomposites and the top side of the second-layer 
mould are just at the same level. Afterwards, in the same way, spread the other 
four layers into moulds. Finally, cover the graded nanocomposites with a flat 
plate and wait for the specimens to fully cure.      
 
Figure 5.14 Schematic of a six-layer functionally graded GPLs/epoxy 
nanocomposite  
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Figure 5.15 Schematic of the fabrication of pristine liquid phase matrixes based 
functionally graded nanocomposites 
5.4.2 Characterization  
Tensile and three-point bending test are conducted on an Instron 5969 universal 
testing system, at room temperature, based on ASTM D-638 and ASTM D-790, 
respectively. Specimens for tensile tests are dumbbell-shaped, as shown in Figure 
5.16a, with an overall dimension of 19 mm width, 165 mm length and 6 mm 
thickness, whereas the width of the narrow section is reduced to 13 mm and the 
length to be 57 mm. Standard rectangular specimens (120 mm long, 6 mm wide, 
6 mm thick) are used for flexural test with a support span of 96 mm. Tensile and 
three-point bending test are performed at a speed of 5 mm/min and 2.46 mm/min, 
respectively. At least 5 specimens are tested for each set.  
The morphology along the thickness of the specimens is observed by digital 
cameras and an inverted microscope (Leica DMi8). The rheological behaviour 
during the curing process is investigated with a hybrid rheometer (Discovery HR-
3, TA Instrument) with a 40 mm plate following ASTM 4473. 
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Figure 5.16 Morphology of Specimens a) Dumbbell-shaped tensile testing 
specimen. b) Rectangular flexural testing specimen. c) Six-layered functionally 
graded graphene nanoplatelets/epoxy nanocomposites. d) Isotropic graphene 
nanoplatelets/epoxy nanocomposites. e) Pure epoxy. f) Interface between layers 
of pure epoxy and nanocomposites with graphene nanoplatelets  
5.4.3 Tensile performance  
Nanocomposites with GPLs and pristine epoxy can be easily distinguished out by 
the different colour. Due to the contribution of GPLs, nanocomposites come with 
a black colour, shown in Figure 5.16d, while pristine epoxy is clear and 
semitransparent, displayed in Figure 5.16e. Regarding functionally graded 
GPL/Epoxy nanocomposites, in macroscopic view, a distinct interface can be 
clearly observed on the Specimens of functionally graded GPL/epoxy 
nanocomposites as shown in Figure 5.16c, visually telling from the colour 
variation along the thickness. A more detailed figure, as shown in Figure 5.16f of 
the interface between GPLs and pure epoxy is obtained through an inverted 
microscope. It can be observed that a narrow blend band, approximate 10 µm, 
existed between these two constituent layers. This phenomenon indicates through 
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current constructive technique, the interface is, to some extent, eliminated, 
although the two layers are experimentally stacked up.  
Tensile tests, detailed in experimental section, are conducted on an Instron 5969 
universal testing system, at room temperature, based on ASTM D-638. At least 5 
specimens are tested for each set. By comparing representative stress-strain 
curves, shown in Figure 5.16, of pristine epoxy, isotropic GPLs/epoxy 
nanocomposites with 0.5 wt% GPLs, 1 wt% GPLs, respectively, and functionally 
graded GPLs/Epoxy nanocomposites with average 0.5 wt% GPLs, the 
functionally graded GPLs/Epoxy nanocomposites are found to possess obviously 
higher Young’s modulus, better beak strength and moderate elongation. As 
unfunctionalized pristine GPLs is utilized in present research, in agreement with 
reported results (L.-C. Tang et al., 2013; Xia et al., 2018), there is no significant 
improvement on the elastic modulus of nanocomposites as shown in Figure 5.16b 
when GPLs are homogeneously incorporated into epoxy, due to the slippage of 
internal graphene layers and graphene clusters (Gong et al., 2012), weak 
interfacial bonding between GPLs and matrix and local aggregation of GPLs (L.-
C. Tang et al., 2013; Xia et al., 2018). The elastic modulus of epoxy 
nanocomposites increases from 2.84 ± 0.13 to 3.09 ± 0.04 GPa (~ 8.6% 
improvement) with 0.5 wt% GPL loading and gets an enhancement of 
approximate 18.6% with 1 wt% GPL loading. However, just with the optimized 
graded structure, functionally graded GPL/epoxy composites further improve the 
elastic modulus by 26.8% to 3.91 ± 0.13 GPa when loading average 0.5 wt% 
GPLs, in comparison to their isotropic counterparts, and enhance by 37.7% 
compared to pristine epoxy. Notably, with an average 0.5 wt% GPLs, functionally 
graded nanocomposites possess 16% higher elastic modulus than their isotropic 
nanocomposite with doubled GPLs concentration (1 wt%). This phenomenon 
indicates that to achieve the same stiffness, by optimizing the graded structure of 
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graphene nanofillers, half or even less nanofillers will be required, enabling the 
possibility of lighter weight and stronger composites.            
Due to non-functionalized pristine GPLs, consistent with literature (L.-C. Tang 
et al., 2013; Xia et al., 2018), the maximum tensile stress of isotropic GPLs/epoxy 
nanocomposites are found to be lower than pure epoxy, decreasing from 53.5 ± 
3.3 MPa of pristine epoxy to 47.1 ± 2.3 MPa with 0.5 wt% GPLs and further 
degrading to 43.4 ± 2.7 MPa with 1% GPLs, because of the weak interface 
bonding of GPLs and epoxy as well as the local aggregation of GPLs. Whereas, 
the maximum tensile stress of functionally graded GPLs/Epoxy nanocomposites 
is enhanced to 53.0 ± 1.7 MPa with no obvious degradation than that of pristine 
epoxy. Nevertheless, there is no remarkable improvement on the elongation at 
break is achieved with functionally graded nanocomposites as it is highly 
sensitive to local aggregation of GPLs and interfacial bonding of GPLs and epoxy. 
Based on Hooke’s law and the rule of mixture, by assuming each layer as 
isotropic and homogeneous material, Young’s modulus of a layer-wised structure 
can be directly predicted by the following equation.  
𝐸𝐹𝐺𝑀 = ∑𝐸𝑖𝑣𝑖 ( 5.1) 
where 𝐸𝐹𝐺𝑀  , 𝐸𝑖  and 𝑣𝑖  represents Young’s modulus of functionally graded 
material, Young’s modulus of the ith layer and volume fraction of the ith layer, 
respectively. The elastic modulus of each layer in current layer-wised graded 
structure has been obtained through tensile tests, 2.84 GPa, 3.09 GPa, 3.37GPa 
for pristine epoxy, nanocomposites with 0.5 wt% GPLs and 1 wt% GPLs, 
respectively. The theoretical elastic modulus can, therefore, be predicted as 3.10 
GPa, yet, much lower than the experiments results 3.91 GPa. In present prediction, 
layers of the layer-wised structure are assumed to be perfectly bonded with a 
sharp interface.  
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Figure 5.17 Mechanical performances of pure epoxy, isotropic GPL/epoxy 
nanocomposite with 0.5 wt% GPLs, 1 wt% GPLs and FGM with average 0.5% 
c 
d 
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GPLs (a) Average Stress-strain curves; (b) Comparison of elastic modulus; (c) 
Comparison of tensile strength; (d) Comparison of elongation at break 
Finite element simulation (FEM) is conducted to further investigate the specimen 
stretching process by the FEM package ABAQUS. All the parameters are set the 
same as used in tensile test. Six-layered model with each layer ideally bonded 
together are employed and meshed by 3D element C3D8R with eight nodes. 
Elastic modulus and plastic strain, detailed in supporting information, calculated 
from testing results are employed. Poisson ratio of all the materials are assumed 
to be constant as 0.3 and the plastic parameters are provided in the supplementary 
information. By comparing typical stress-strain curves obtained from finite 
element simulation and experimental test as shown in 
Figure 5.18, the simulated stress-strain curves of pure epoxy and isotropic 
GPLs/epoxy nanocomposites match well with their experimental curve. However, 
the simulated tensile performance of functionally graded GPLs/Epoxy 
nanocomposites is lower than its experimental performance. The elastic modulus 
obtained from simulation is 3.12 GPa, which is very close to the 3.10 GPa 
predicted by Hooke’s law and the rule of mixture, nevertheless still obviously 
lower than experiment results. By further investigating the internal stress of the 
stretched models, significant stress gradients are observed at the sharp interface 
between layers, as shown in Figure 5.19 and Figure 5.20. But due to the existing 
blend region around the interface between layers in experimental specimens, a 
narrow band with moderate Young’s modulus is mistakenly ignored during 
simulation and prediction. Account for the contribution of these narrow transition 
regions, the actual experimental performance of functionally graded GPLs/Epoxy 
nanocomposites is certainly better than predicted performance. Therefore, 
although layer-wised structure is employed, current fabrication technique for 
functionally graded nanocomposites can help to eliminate the sharp interface, 
hence benefiting their integrate mechanical performance.   
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Figure 5.18 Comparison of simulation result and experimental results:  stress vs. 
strain curves of pure epoxy, isotropic GPLs/epoxy nanocomposites with 0.5 wt% 
GPLS and  1 wt% GPLs, respectively, and functionally graded GPLs/Epoxy 
nanocomposites with average 0.5 wt% GPLs 
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Figure 5.19 Internal layer stress of FGM (0.5 wt%) under various tensile strain 
0.3%, 0.5% and 1%  (Simulation results) 
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Figure 5.20 Contour graph of stress distribution of FGM (0.5 wt% GPLs) along 
stretch direction at tensile strain 0.3%   
5.4.4 Flexural performance  
Three-point bending test, detailed in characterization section, are conducted on 
an Instron 5969 universal testing system, at room temperature, based on ASTM 
ASTM D-790. Standard rectangular specimens (120 mm long  6 mm wide  
6 mm thick, shown in Figure 5.16) are used for flexural test with a support span 
of 96 mm. Three-point bending test are performed at a speed of 2.46 mm/min.  
From experimental results as shown in Figure 5.21, A better bending resistance 
can be concluded on functionally graded GPLs/Epoxy nanocomposites. 
Functionally graded GPLs/Epoxy nanocomposites show an improvement of 
maximumly 18% on their flexural modulus compare with isotropic GPLs/epoxy 
nanocomposites and pure epoxy. The flexural strength is also enhanced to 92.0 
MPa compared with 85.8 MPa of epoxy and 87.2 MPa of isotropic GPLs/epoxy 
nanocomposites. By investigate their bending process through finite element 
simulation, much higher total elastic strain energy is absorbed by functionally 
graded GPLs/Epoxy nanocomposites than isotropic GPLs/epoxy nanocomposites. 
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Specifically, the total elastic strain energy absorbed by the upper and bottom 
layers are maximumly 1.5 times of that absorbed at corresponding position of 
isotropic GPLs/epoxy nanocomposites.     
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Figure 5.21 Diagrams of (a) stress to strain curve of three-point bending test, (b) 
flexural modulus and flexural strength, (c) total elastic strain energy. 
5.5 Conclusion 
In this chapter, A novel and widely applicable fabrication technique is developed 
to firstly manufacture GPL reinforced functionally graded nanocomposites. 
Compared to samples with pure epoxy and isotropic GPL reinforced 
nanocomposites, the functionally graded nanocomposites demonstrate improved 
mechanical properties. As non-functionalized graphene nanoplatelets are used in 
current research, consistent with reported works, isotropic GPL/epoxy 
nanocomposites show limited improvement on their elastic modulus and a 
degradation on their tensile strength. However, by adjusting the GPL distribution 
and assisted with current novel constructive technique, functionally graded 
GPLs/Epoxy nanocomposites with 0.5 wt% GPLs show an improved overall 
tensile modulus of 26.8% contrast to isotropic GPLs/epoxy nanocomposites and 
an enhancement of 37.7% than pure epoxy. And functionally graded 
nanocomposites, to some extent, remedies the decline of tensile strength, 
occurred on isotropic nanocomposites, caused by the weak interfacial bonding 
between GPL and epoxy and local GPL aggregation. Similarly, the flexural 
strength and flexural modulus are also enhanced by a graded distribution of GPLs 
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where the flexural modulus maximally rises by 16.4%. And flexural strength rises 
by 7.2%.  
The mechanical performance, especially the elastic modulus, of functionally 
GPL/epoxy nanocomposites is observed to be much higher than the predicted and 
simulated results of a simply bonded layered structure. The transition region 
existed at the layer interface is believed to contributes to this superiority on 
mechanical performance, revealing the advantage of current fabrication technique.       
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Chapter 6  
Conclusion  
Functionally graded materials (FGMs), characterized by continuous variations of 
material composition and properties along one or more dimensions , have great 
potential in various engineering application. Comparing to traditional composites, 
FGMs have improved mechanical and physical properties and the capability in 
resisting crack and delamination due to the significantly reduced stress mismatch 
in the interface between two dissimilar materials. Moreover, FGMs can also be 
designed and optimized for catering various working conditions and 
environments with reduced cost through maximizing the advantages of each 
material constitutes.  
Recently, graphene and its derivatives, such as graphene oxide (GO) and 
graphene platelets (GPLs), demonstrate great potential as reinforcing fillers to 
develop high-performance nanocomposites and FGM structures since the 
discovery of graphene in 2004. This can be attributed to the excellent intrinsic 
mechanical and physical properties and improved reinforcing effects of graphene 
and its derivatives. The Young’s modulus and tensile strength of graphene are 
found to be as high as 1 TPa and 130 GPa, respectively. A very small amount of 
graphene and its derivatives added into polymers can significantly improve the 
mechanical properties of the materials. The excellent reinforcing effects of 
graphene and its derivatives enable them promising reinforcement candidates to 
develop FGMs and structures. 
To fabricate functionally graded polymer based nanocomposites, it is not only to 
realize the graded structure, but also need to ensure the homogeneous dispersion 
of nanofillers and prevent their natural aggregation. However, due to lack of 
reliable and widely suitable processing techniques, limited experimental attempts 
have been reported on functionally graded nanocomposites with pristine liquid 
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phase matrix, like epoxy. Therefore, in current thesis, a new constructive 
technique is proposed and developed to fabricate functionally graded 
nanocomposites with pristine liquid phase matrixes, which essentially utilizes the 
natural variation of polymer matrix’s rheological behaviours while they are 
turning from viscous liquid to elastic solid during curing process. 
In chapter 3, the influence of graphene nanoplatelets (GPLs) on the free and 
forced vibration of functionally graded trapezoidal nanocomposite plates is 
systematically studied. Modified Halpin-Tsai micromechanics model is 
employed to predict the effective Young’s modulus. Poisson’s ratio and mass 
density are determined by the rule of mixture. Finite element package (ABAQUS) 
and elements, like three-dimensional deformable shell (S4R) and three 
dimensional deformable solid (C3D8R), are utilized to conduct the investigation. 
It is found the layer-wised graded structure with 10 layers is accurate enough to 
study the dynamic performance of continuously graded nanomaterial plates. The 
vibration modes of nanocomposite plates are highly dependent on their boundary 
conditions. Compared with cantilevered nanoplates, fully simply supported plates 
possess higher natural frequency. The natural frequencies of the plates can be 
significantly enhanced by adding a small amount of GPLs into polymer matrix. 
Plates with bigger GPL concentration show lower dynamic deflection. Apart from 
GPL concentration, the distribution pattern plays an essential role in structural 
performance. Dispersing larger sized GPLs with fewer graphene layers near the 
top and bottom surfaces of the plate is the most effective way to improve the 
structural stiffness, hence raising the fundamental natural frequency and lowering 
the dynamic flection. However, the reinforcing effect becomes limited when GPL 
length-to-thickness ratio is bigger than 1000. Moreover, an increase in the bottom 
angle of the plate reduces natural frequencies of the functionally graded 
trapezoidal multilayer nanocomposite plate. In addition, the plate with smaller 
base angles has better resistance to dynamic deflections. 
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The linear and nonlinear bending behaviours of functionally graded trapezoidal 
nanocomposite plates reinforced with graphene platelets (GPLs) under thermo-
mechanical loading are comprehensively examined in chapter 4. The modified 
Halpin-Tsai model and rule of mixtures are adopted to determine Young’s 
modulus, Poisson’s ratio and the thermal expansion coefficient of the 
nanocomposites. The effects of the concentration, size and distribution of GPL, 
plate geometry and thermo-mechanical loading on the bending performance of 
the plates are studied. It is found layer-wised plate with 10 layers is accurate 
enough to investigate the static performance of functionally graded 
nanocomposite plates. Plates with higher GPL weight fraction and more GPLs 
dispersing near the top and bottom surfaces of the plates possess better linear and 
nonlinear bending performances. But X-GPLRC plates have the maximum von 
Mises stress comparing to their counterparts with O-GPLRC and U-GPLRC 
distribution. GPLs with fewer layers and larger size have superior reinforcing 
efficiency. However, this reinforcing efficiency degrades when the length-to-
thickness ratio is bigger than 1000. It is observed the static deflection can be 
reduced by increasing either of the two bottom angles of the trapezoidal plates. 
Thermal loading deteriorates the nonlinear bending performances, especially for 
O-GPLRC pattern. 
In chapter 5, a widely applicable constructive fabrication technique is developed 
for functionally graded nanocomposites with pristine liquid phase matrixes. And 
layer-wised functionally graded GPLs/epoxy nanocomposites are the first time 
experimentally realized. Three different graphene reinforced nanocomposites 
fabrication routes, single-step and two-step sonication assisted fabrication route,  
solution mixing fabrication route, re examined. It is found continuously 
ultrasonication for 30 mins is sufficient to obtain well dispersed GPL suspensions.  
Specimens fabricated through two-step route clearly exhibit better mechanical 
performance than that fabricated through single-step route and solution mixing 
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route. The elastic modulus of isotropic GPL/Epoxy nanocomposites gradually 
increases along with the raising of GPL concentration. But due to 
unfunctionalized pristine GPLs is utilized in present research, there is no 
significant improvement on the elastic modulus of nanocomposites due to the 
slippage of internal graphene layers and graphene clusters, weak interfacial 
bonding between GPLs and matrix and local aggregation of GPLs. The fabricated 
functionally graded GPL/Epoxy nanocomposites demonstrate significantly 
improved mechanical properties compared to their counterparts with GPLs 
randomly and uniformly dispersed. The functionally graded nanocomposites 
fabricated by the proposed technique can overcome the degradation of tensile 
strength caused by GPL aggregation and the weak bonding between GPLs and 
the polymer matrix. And with 0.5 wt% GPLs, the elastic modulus of functionally 
graded nanocomposites is further improved by 26.5% comparison to that of the 
isotropic nanocomposites and by 37.7% than the pristine epoxy. By compared 
with the numerical prediction and simulation result, functionally graded 
nanocomposites fabricated by current technique show significant advantage on 
mechanical performance than simply and ideally bonded layered materials. 
Similarly, the flexural strength and flexural modulus are also enhanced by a 
graded distribution of GPLs where the flexural modulus maximally rises by 
16.4%. and flexural strength rises by 7.2%. 
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Appendix  
Plastic parameters of Pristine epoxy, isotropic nanocomposites with 0.5 wt% 
GPLs and isotropic nanocomposites with 1 wt% GPLs 
Pristine Epoxy 
Nanocomposites  
(0.5 wt%) 
Nanocomposites  
(1 wt%) 
Yield stress 
(Pa) 
Plastic strain 
Yield stress 
(Pa) 
Plastic strain 
Yield stress 
(Pa) 
Plastic strain 
7340900.78 0 7611035.412 0 7414038.965 0 
9694352.425 4.59E-005 9040082.291 5.29E-005 8620993.759 7.42E-006 
12022297.35 8.91E-005 10445169.12 9.29E-005 9816837.151 1.86E-005 
14321703.82 0.000142 11827174.7 0.00014 11001033.12 3.3E-005 
16589499.76 0.000205 13186956.64 0.000194 12173058.11 5.09E-005 
18822622.92 0.000279 14525416.83 0.000254 13332384.71 7.26E-005 
21017992.86 0.000366 15843424.56 0.000321 14478485.8 9.8E-005 
23172522.91 0.000467 17141823.08 0.000393 15610833.45 0.000127 
25283122.03 0.000582 18420766.68 0.000471 16729069.91 0.000161 
27346666.88 0.000713 19679992.35 0.000556 17832975.88 0.000198 
29360044.05 0.000861 20919218.02 0.000646 18922367.19 0.00024 
31320122.9 0.00103 22138148.9 0.000743 19997024.12 0.000286 
33223763.55 0.00121 23336498.53 0.000846 21056768.56 0.000336 
35067814.68 0.00142 24513986.83 0.000955 22101381.92 0.000391 
36849111.82 0.00164 25670321.94 0.00107 23130673.22 0.00045 
38564500.55 0.00189 26805219.37 0.00119 24144447.96 0.000514 
40210785.79 0.00217 27918381.25 0.00132 25142484.49 0.000582 
41784776.44 0.00246 29009517.49 0.00146 26124603.45 0.000654 
43283279.32 0.00279 30078278.76 0.0016 27090594.92 0.000732 
44703072.55 0.00314 31123966.87 0.00175 28040248.76 0.000814 
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46040940.4 0.00352 32145778.83 0.00191 28973311.25 0.000901 
47293646.69 0.00392 33142918.69 0.00207 29889415.69 0.000993 
48457959.97 0.00436 34114607.04 0.00224 30788156.11 0.00109 
49530829 4.83E-03 35060035.7 0.00242 31669148.98 0.00119 
50509596 5.33E-03 35978401.61 0.00261 32532010.25 0.0013 
51391630 5.87E-03 36868934.87 0.00281 33376345.2 0.00141 
52174295 6.44E-03 37730791.93 0.00301 34201775.45 0.00153 
52854949 7.04E-03 38563202.96 0.00323 35007891.66 0.00165 
53430939 7.69E-03 39365352.56 0.00345 35794324.57 0.00178 
53899607 8.36E-03 40136429.98 0.00368 36560667.2 0.00192 
54258283 9.08E-03 40875645.12 0.00393 37306532.28 0.00206 
54504289 9.83E-03 41582174.26 0.00418 38031518.12 0.00221 
54634950 1.06E-02 42255210.5 0.00445 38735253.95 0.00236 
54647565 1.15E-02 42893949.1 0.00472 39417326.95 0.00252 
54539432 1.23E-02 43497578.45 0.005 40077347.7 0.00269 
54308818 1.33E-02 44065268.75 0.0053 40714926.25 0.00286 
53957915 1.42E-02 44596223.48 0.00561 41329661.98 0.00304 
53489879 1.52E-02 45089624.31 0.00593 41921149.59 0.00322 
52907913 1.63E-02 45544641.26 0.00626 42489015.88 0.00342 
52215183 1.73E-02 45960463.28 0.0066 43032854.55 0.00362 
51414895 1.85E-02 46336257.48 0.00696 43552252.65 0.00383 
50510270 1.96E-02 46671220.13 0.00733 44046837.35 0.00404 
49504542 2.08E-02 46964510.81 0.00771 44516184.46 0.00426 
48400945 2.20E-02 47215321.95 0.0081 44959915.67 0.00449 
47202719 2.33E-02 47422810.2 0.00851   
45913135 2.46E-02     
44535455 2.59E-02     
 
 
